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Abstract 
Energy crisis is one of the serious concerns, which needs to be addressed for a better future. 
Energy is majorly involved in our daily lives through electricity and transportation purposes. In 
present scenario, major part of electricity generation and transportation needs is fulfilled by fossil 
fuels. However due to the growing energy demand and lack of fossil fuel resources, alternatively 
renewable energy based technologies are being actively explored. Solar energy is one of the safe, 
clean, renewable energy which provides light and heat on a large scale. The solar light (photons) can 
be used to generate electricity/fuel via solar photovoltaics, solar water splitting, and artificial 
photosynthesis. Solar water splitting /Photo electrochemical cell (PEC) consists of semiconductor 
materials (as photo anodes/photo cathodes) which utilize solar light to generate oxygen/hydrogen 
from water. Hydrogen is a safe and clean fuel which has future prospects in transportation sector. 
Thermoelectric technology is another attractive technology, which can transform temperature into 
electricity or vice versa. This dissertation focuses on nanomaterials based novel strategies for 
improving the photo anodes performance in PEC cell and synthesize an eco-friendly material to 
enhance thermoelectric performance. 
With regard to design a better photo anodes, many metal nanoparticles and semiconductor 
nanowires are synthesized and their optical properties are carefully studied. Nanostructured materials 
have better optical, electrical, thermal properties over the bulk materials. Metal nanoparticles (NPs)   
have visible light absorption which can be advantageous in making hybrid nanostructures of metal NP 
and semiconductor nanowire. A hierarchically patterned metal/semiconductor (gold (Au) NPs/pat-zinc 
oxide (ZnO) nanowires) was fabricated via interference lithography (IL). The PEC performance of 
photo anodes (Au/pat-ZnO nanowires) displays a stable and increased photocurrent than the non-
patterned samples due to efficient light trapping structures and plasmon enhanced water splitting. This 
hybrid nanostructure can also be used in solar cell, light emitting diodes, and as SERS substrates. 
The most-efficient thermoelectric materials till date are telluride/selenide based devices which 
are toxic and hazardous to the environment. Graphene is considered as potential alternative to the 
current state-of-art thermoelectric materials; provided the issues in graphene are properly addressed. 
Graphene has high electrical and thermal conductivity, which degrades the overall thermoelectric 
performance. The introduction of pores in graphene, allows better control over the thermoelectric 
performance. The effect of pore size and the structure-property relationships are studied in detail. The 
porous graphene displays promising thermoelectric performance that can be used for electricity 
generation. The usage of nanomaterials based energy conversion technologies shows promising 
outcomes, which holds the key for future energy generation. 
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94) setup.The laser power is monitored using a powermeter (Thorlabs). 
Figure 7.4: (a) Temperature dependence of the G peak frequency of 3D-NFG, (b) Schematic view 
of the thermal conductivity measurement on supported substrates, (c) Shift in G peak 
position due to change in excited laser power, (d) Finite element simulation of 
temperature distribution in 3D-NFG with the given geometry used to extract the 
thermal conductivity. 
Figure 7.5: Optical microscopy images of (a) SiO2/Si substrate with trench dimension of 6 µm 
(width), 100 µm (length), 300 nm (depth) and (b). Suspended 3D- NFG films 
transferred onto the trench (denoted by the red color crossbar). Scale bar size is 50µm 
for both images. 
Figure 7.6: (a) Schematic view of the thermal conductivity measurement on suspended 3D-NFG 
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samples, (b) Raman microscopy image of the 3D-NFG film located on the trench (red 
crossbar denotes the measurement position, inset image-Optical microscopy image of 
the 3D-NFG on trench), (c) Shift in G peak position due to the change in the excited 
laser power in the suspended 3D-NFG samples,  (d) Finite element simulation result 
of temperature distribution in 3D-NFG with the given geometry used to extract the 
thermal conductivity.  
Figure 7.7: (a) Shift in the G peak position due to a change in the excited laser power in 
suspended 3D-NFG samples measured using a 10x Raman objective lens and (b) Shift 
in the G peak position due to a change in the excited laser power in suspended 3D-
NFG samples measured using a 50x Raman objective lens. 
Figure 7.8: (a) Temperature coefficient data of D peak and (b) Temperature coefficient data of G 
peak of suspended 3D-NFG measured using 50x Raman objective lens.  
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Chapter 1 
Introduction to Nanomaterials Based Energy Conversion Technologies 
 
1.1 Introduction to energy technologies 
As per law of energy conversion, “Energy can neither be created nor be destroyed; it can be 
transferred from one form to another”. During the beginning of 19th century rapid industrial growth 
took place in western countries (U.S.A and Europe), which demands large scale electrical energy for 
their uninterrupted functioning
1
. Traditionally, large scale electrical energy generation has been 
produced from power plants using fossil fuels such as coal, natural gas, and oil or using nuclear 
energy technologies
2
.  
 
 
Figure 1.1: Flowchart indicating the brief overview of steps involved in electricity generation and 
distribution. 
 
Figure 1.1 displays the flowchart of the usage of fossil fuels/renewable energy for electricity 
generation or as fuel for transportation. The electricity can be generated using fossil fuel as a starting 
material in steam engines, gas turbines, thermal power plants, combined cycle or cogeneration based 
technologies.  
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Figure 1.2: schematic diagram illustrating electricity generation from thermal power plant
3
.  
 
Figure 1.2 demonstrates the process involved in thermal power plant for electricity 
generation. First, the fossil fuels (coal, oil or gas) are heated at high temperatures, which convert the 
chemical energy of the fossil fuel into thermal energy. The thermal energy is used to heat the water 
into steam and the superheated steam is then passed to turbines, where the turbine causes mechanical 
movement (rotation) due to the highly pressurized steam. The mechanical movements are converted 
into electricity via the generator. The output of the generator is electrical energy; which is then stored 
and distributed to individual homes or industries. 
 
1.2 Fossil fuels based energy generation 
Fossil fuel is a source of non-renewable energy. There are many examples of fossil fuels that 
are used in our daily lives. A major portion of our consumed energy comes from fossil fuels such as 
coal, oil and natural gas. Many years ago, during the carboniferous age, due to the drastic alteration in 
atmospheric conditions, forests were devastated and they were solidified. Due to the reactions with 
the bacteria and other microorganisms in the earth surface, this devastated forest trees were 
decomposed and fragmented. After several thousand years, these materials are found in solid, liquid 
and gaseous state. The solid form of material is named as coal, which is major source of power 
generation till date. Fossil fuels are widely used for two applications namely (i) electricity/power 
generation from fossil fuels, (ii) as a fuel source for transportation purposes.  The usage of electricity 
generation from fossil fuels has two major disadvantages, namely (i) harmful to environment as it 
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would involve depletion of natural resources, (ii) release of toxic NOx, CO and CO2 gas emissions 
during electricity generation process
4
. The electricity generation from various sources during last 
decade and future projections are presented in Figure 1.3. 
 
 
Figure 1.3: (a) Electricity generation by fuel in reference case (X-axis represents year, Y-axis 
represents power generated in (trillion Kilowatt hours), (b) Impact of electrical generation by fuel and 
their dependence on economy (X-axis represents year and different economic conditions, Y-axis 
represents power generated in (trillion Kilowatt hours)
5
.  
 
Figure 1.3 presents the scenario of electricity generation from various sources (fossil fuels+ 
renewables) during the last decade and its future projections. Nuclear power generation also belongs 
to the family of non-renewable energy generation technology. Nuclear power plants produce 
electricity in a clean way than fossil fuel, since there are no toxic gas emissions.  The major 
disadvantage of nuclear power plant is use of radioactive material for electricity generation and their 
proposal disposal. Nuclear wastes are dangerous to health and have to be stored for thousands of years  
in order to dispose safely.  
 
1.3 Renewable energy based power generation 
Modern day industries are keen on reducing the amount of fossil fuels used for energy 
generation, by looking for alternative technologies such as renewable energy. Renewable energy is the 
general term denoting solar, wind, biomass, hydrothermal, geothermal, tidal energy based 
technologies. For instance, the advantage of renewable energy generation is that it uses untapped 
natural source of energy such as sunlight to generate electricity using a semiconductor material. 
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Figure 1.4: Renewable energy generation by different technologies (X-axis denotes year; Y-axis 
denotes power generated in (billion Kilowatt hours)
5
.  
 
Figure 1.4 shows the contribution of energy generation from various sources such as 
hydropower, solid wastes, biomass, solar, wind energy etc. Among the numerous renewable energy 
sources, hydropower has the high contribution of power generation, but due to water scarcity 
problems in the near future; the amount of power generated using hydropower will be reduced. Solar 
based energy conversion might be a promising technology since it uses sunlight to produce electricity 
without releasing any toxic gas. Except wind and hydropower energy, most of renewable energy 
technologies are not cost effective till date.  
 
1.4 Energy analysis and solutions 
In the previous sections 1.2 and 1.3 a brief overview of energy generation technologies using 
fossil fuels and renewable energies are presented. Due to growing demand for electricity, rather than 
increasing electricity production it is equally necessary to analyse and restrict the electricity usage. 
Currently, centralized energy distribution systems are employed for distributing generated electrical 
energy that carries electricity from the transmission system to individual consumers. Alternatively a 
decentralized energy distribution systems via renewable energy technologies are proposed, in which 
individual homes can be self-powered without the need for external power distribution line. Hence, 
the energy demands of place (ex: home) has to be analysed in order to make it a self-powered home. 
Few industries are also employing decentralized energy distribution systems using renewable energy 
technologies for their power needs thereby reducing the consumption of fossil fuel based energy. 
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Figure 1.5: Energy demand analysis by each sector and their future projections (X-axis indicates year; 
Y-axis indicates energy demand in Mtoe.)
6
 
 
Figure 1.5 denotes the energy demand of various sectors such as industry, residential homes, 
service industry etc. The quantity of electricity required in industries and residential home are almost 
similar. Hence, a detailed analysis of the electricity requirement in residential and commercial sector 
has to be performed. 
 
Figure 1.6: (a) Residential sector delivered energy intensity for selected end uses in the Reference 
case (X-axis denotes energy intensity (million Btu per household per year); Y-axis denotes energy 
consumption by various appliances), (b) Commercial sector delivered energy intensity for selected 
end uses in the Reference case (X-axis denotes energy intensity (thousand Btu per square foot per 
year); Y-axis denotes energy consumption by various appliances)
5
. 
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Figure 1.6 presents the in depth analysis of electricity usage in residential and commercial 
areas. The major contribution of energy demands of home are from heating, cooling appliances apart 
from electronic devices. One feasible solution to the energy demands of electronic devices and home 
appliances is to couple them with self-powered devices
7
.  Self-powered devices are renewable 
energy based energy conversion systems that are employed to harness the mechanical/thermal energy 
into useful electrical energy
8
,
 9
. 
 
 
Figure 1.7: Power requirements for various applications. Reproduced with permission from John-
Wiley &Sons
10 
 
Piezoelectric effect is a phenomenon that converts mechanical energy into electrical energy 
by means of certain semiconductor material (zinc oxide, ZnO)
11
. In case of ZnO nanowires, 
piezoelectric effect is noticeable and it generates power of 3 mW/cm
2
. Generally, nanomaterials 
constitute a developing and interdisciplinary field of science that deals in synthesis of novel 
nanostructured materials for wide range of applications. Nanomaterials behave differently from their 
bulk counterparts in terms of optical, electrical, mechanical and thermal properties. Metal oxide 
nanostructures (ZnO, TiO2) are environmentally friendly materials with excellent electrical and 
mechanical properties
12
. In particular, ZnO nanowires are excellent piezoelectric materials, due to 
their crystal structure, increased number of charge carriers and fast electron transport. The advantage 
of piezoelectric system is there is no need of separate energy storage (battery) system.  
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Figure 1.8: Moore’s law: Current and future prospects. The vertical axis reflects technology node of 
complementary metal–oxide–semiconductor (CMOS) manufacturing technology. The horizontal axis 
imitates the variety and functionality of different electronic devices. Reproduced with permission 
from John-Wiley &Sons
10 
 
Figure 1.8 represents the integrated circuit (IC) design technology and the application of the 
devices. The integrated circuit (IC) based devices are the fundamental elements of our computers, 
laptops, mobile phones, digital cameras etc. Gordon Moore, co-founder of Intel stated in 1965 
“number of transistor per square inch on integrated circuits will double every 18 months”. This 
prediction is often termed as Moore’s law and the semiconductor industry hold the predictions true till 
date, even moving the technology ahead of the timeframe. The high density of IC device integration in 
portable electronic devices has advantages such as (i) high processing speeds; (ii) less weight while 
the disadvantages are (i) heat dissipation problems
13
, (ii) high power requirements, and (iii) lack of 
flexibility. The solution to heat dissipation problem in IC is addressed by thermoelectric technology
14
.  
Thermoelectric (TE) is a renewable energy based energy conversion technology used to 
convert thermal energy into electrical energy or vice versa
15
. The conversion of thermal energy into 
electrical energy using two dissimilar semiconductor materials is termed as Seebeck effect
16
. 
Conversely, the conversion of electrical energy to create temperature differences (heating/cooling) by 
means of two dissimilar semiconductor materials is termed as Peltier effect. The efficient TE materials 
are telluride based materials, which are harmful and toxic to the environment. The overview of TE 
materials and their energy conversion are presented in Section 1.8 of this chapter.  
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1.5 Environmental concerns  
Fossil fuel based electricity generation also produces other by-products such as toxic gases 
(carbon monoxide, carbon dioxide, nitrous oxide, sulfur dioxide gases). The release of toxic gas such 
as carbon dioxide during electricity generation is a major source of environmental pollution.  
 
 
Figure 1.9: Energy related carbon dioxide (CO2) emissions from coal based energy generation and 
their contributions from different sectors. (X-axis denotes year, Y-axis denotes CO2 emissions in 
million metric tons
5
.  
 
Figure 1.9 shows the CO2 emissions from various sectors accounting for environmental 
pollution. The CO2 emissions from transportation vehicles (cars, bus etc.) will remain highest at 
current stage and future years too. Hence, the need to reduce CO2 emissions from transportation 
vehicles (especially in case of cars) is of prime importance, automobile industries are looking for 
technologies such as electric powered cars, bioethanol fuel based cars, hydrogen fuel cars, e-diesel 
fuelled cars etc.   
 
1.6 Fuels for transportation 
Most of the present day automobile vehicles function using the internal combustion engine. 
The internal combustion engine based vehicles use oil (petroleum/diesel) or gas as fuel. The CO2 
emissions from transportation vehicles are also represented in Figure 1.9, which needs to be reduced
17
. 
Electric powered cars are proposed as an alternative to the internal combustion engine based vehicles 
since they produce less/zero CO2 emissions
18
, but the power required to charge the car is used from 
fossil fuel based power generation, which is not a practically feasible method. Hence hybrid cars/ 
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bioethanol based cars/hydrogen fuelled cars could be potential alternative to the oil fuel (Petrol, 
Diesel) based transportation vehicles
19
.  Hybrid cars are environmentally friendly cars but they have 
some shortcomings such as expensive, short battery life span, no plug-in options. Bioethanol powered 
cars have their own advantages and disadvantages. They have advantages such as (i) it has reduced 
greenhouse gas emission, (ii) reduces the amount of octane derivatives, (iii) any plant containing 
sugar and starch can be used as fuel source. The disadvantage include (i) large amount of CO2 is 
produced during ethanol synthesis process, (ii) food vs fuel problem might occur if a rapid production 
of bioethanol is produced. On the other hand, the hydrogen fuels are highly efficient, no harmful gas 
emissions and environmentally friendly
20
. Still, the disadvantage with hydrogen (H2) fuelled car is the 
fuel storage which is less (hydrogen storage); therefore to travel in H2 fuelled car for a few hundred 
miles a lot of H2 fuelling stations are required due to the limited tank capacity.  At present situation, 
the number of H2 fuelling station are very limited and only present in special energy initiative zones 
thereby restricting the usage of H2 fuel cars on wide scale. Recently, car maker Audi has found an 
innovative way of using e-diesel
21
 as a fuel, which contains H2 formed by electrolysis and CO2 gas 
captured from residential/ other sectors. The schematic diagram for synthesis of e-diesel is presented 
below
22
. 
 
 
Figure 1.10: Schematic diagram illustrating the production process of e-diesel
23
. 
 
Electrolysis is a process used for splitting the water into hydrogen and oxygen by providing 
electrical energy
24
. The hydrogen generated using electrolysis can be collected and used as a fuel 
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source. The electrical energy provided for the electrolysis process is generated using windmill for the 
production of e-diesel as shown in Figure 1.10. Alternatively, the electrical energy required for the 
electrolysis process can be provided by solar cell or by using a photo electrochemical (PEC) cell
25
. 
 
1.7 Photo electrochemical (PEC) cell 
Photo electrochemical (PEC) cell use the solar energy to split water into hydrogen and oxygen 
by means of a semiconductor material
25
. The basic principle of operation of PEC cell is shown below 
 
 
 
Figure 1.11: Operating principles of photo anodes (n-type semiconductor) in photo electrochemical 
(PEC) cells. (a) Photo anodes creating electric current from sunlight; (b) a PEC cell that produces 
hydrogen, through solar water splitting process. Reprinted by permissions from Macmillan publishers 
Ltd: Nature
26
, Copyright 2001. 
 
The major components of solar cell and PEC cell are shown in Figure 1.11.  In case of solar 
cell (Figure 1.11a), photoactive semiconductor material is excited by incoming high energy photons 
that generate electron–hole pairs. The PEC cell is composed of anode, cathode and electrolyte. PEC 
cells require semiconductor materials with fast charge transfer at the semiconductor/electrolyte 
interface, with long term stability for enhanced performance. As shown in Figure 1.11b, two redox 
reaction takes place water is oxidized to oxygen at the semiconductor surface and reduced to 
hydrogen at cathode surface. The overall chemical reaction
27
 is 
                        H2O            
1
2⁄  O2 + H2     (1) ΔE° = 1.23 V 
To efficiently split the water and produce oxygen/hydrogen, semiconductor materials with 
suitable band requirements and electronic properties are prerequisite
26
, which is discussed in the 
 30  
 
following section. 
 
1.7.1 Material requirements for PEC cell 
Photo anode materials are n-type semiconductors with maximum solar absorbance, band gap, 
good electronic conductivity, long term stability
27
.  Metal oxide semiconductors such as TiO2, ZnO, 
iron oxide (Fe2O3) have been extensively examined for water splitting since they satisfy a number of 
important requirements, such as the flat band potential, low electrical resistance, and good corrosion 
resistance in aqueous solution
26
. However, most of the photo-chemically stable metal oxide 
semiconductors for water splitting have a large bandgap, resulting in restricted light absorption in the 
visible region and overall low efficiency. The solar spectrum is shown below 
 
Figure 1.12: Solar spectrum reaching the Earth’s surface. Reproduced image28 with permission of the 
Royal Society of Chemistry. 
 
A major part of previous research works on PEC cell focuses on Ultraviolet or visible light 
based materials for energy conversion application
29
. In reality, most of the solar irradiation falls under 
the infrared region which is left unutilized due to lack of stable materials. The stable metal oxide 
structures can absorb only a minor percentage of solar spectrum (~5% in the UV region), which in 
turn limits their solar to hydrogen efficiency. To overcome the limitation, various 
nanocomposites
30,31,32
 have been investigated to increase their optical properties and solar to hydrogen 
efficiency. Another important yardstick for choosing the photo anode is their band edge potentials. 
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Figure 1.13: Band positions of several semiconductors in contact with aqueous electrolyte at pH 1. 
Reprinted by permissions from Macmillan publishers Ltd: Nature
26
, copyright 2001. 
  
Figure 1.13 displays the lower edge of the conduction band (red color) and upper edge of the 
valence band (green color) along with the band gap. The energy scale is specified in electron volts 
using either the normal hydrogen electrode (NHE) or the vacuum level as a reference. Note that the 
ordinate presents internal and not free energy. The free energy of an electron–hole pair is lesser than 
the band gap energy due to the translational entropy of the electrons and holes in the conduction and 
valence band, respectively. In the right side, the standard potentials of several redox couples are 
presented against the standard hydrogen electrode (SHE) potential. Apart from the above mentioned 
conditions, the photo anodes must have high charge mobility, long charge carrier diffusion length, 
good photo catalytic property, stability and cost-effective
33
.  
  
1.7.2 Effect of nanomaterials 
The PEC performance of semiconductor materials is strongly associated with the material 
size
34
. From the year 1990, huge amount of research efforts have been laid to produce semiconductor 
nanomaterials and nanocomposite structures for photo catalytic applications
35
. Nanometer (nm) sized 
semiconductor materials displays enhanced optical, catalytic and surface area properties
36
.  
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Figure 1.14: Light scattering/trapping and charge transport in nanoscale architectures for single 
material as the photo electrode or the suspension photo catalyst. (a) 0D nanocrystals, (b) 1D 
nanostructures, (c) 2D nanosheets and films, and (d) 3D nanostructures. Reproduced image
33
 with 
permission of the Royal Society of Chemistry. 
 
Metal oxide nanoparticles are zero-dimensional (OD) materials with tunable optical 
properties, good surface reactions, but they suffer from poor electrical conductivity in film type 
samples. Nanowires are one-dimensional (1D) structures with good light scattering, fast charge 
transport properties that can’t be observed in the bulk state37. Metal oxide nanowires show promising 
directions for an efficient photo anode as they have high surface to volume ratio, better optical 
property, fast charge transport, long-term stability
38
. Two dimensional materials (2D) like 
graphene/MoS2 have fast in-plane charge transport and increased number of catalytic active sites 
which are not observed in bulk materials
39
. Three dimensional structures such as inverse opal
40
 made 
of TiO2
41
, ZnO
42
 materials (3D) are being employed as photo electrode due to their light scattering 
properties. In 3D materials, surface area is also high which allows more surface reactions
40
. Out of the 
various nanostructures, nanowire has considerable advantages over the other dimensionality due to 
their fast charge transport properties. But, metal oxide (TiO2, ZnO) nanowires have limited light 
absorption in the ultraviolet region of the solar spectrum. The light absorption could be enhanced by a 
two-fold process, namely (i) growth of patterned nanowires
43
to enhance the light trapping, (ii) 
decorating metallic nanoparticles on the surface of nanowires
44
 to increase the optical absorbance.  
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Figure 1.15: (a) & (b) Solar cell Device designs and (c) & (d) corresponding schemes for photo 
electrochemical cells. In the above figures, transparent conducting oxide electrodes are in light grey, 
metal electrodes are dark grey, plasmonic metal nanoparticles are yellow, water is blue, and the 
semiconductor is red. Regions with an enhanced electric field intensity are depicted in (a) and (c) with 
color gradients from red (high) to blue (low). Reproduced image
45
 with permission of the Royal 
Society of Chemistry 
 
Figure 1.15 represents possible device designs using plasmonic metal/semiconductor system 
for solar based energy conversion. The Figures 1.15a and c displays effect of localized exciton 
formation (near field effect) near the interface, whereas Figures 1.15b and d trapping solar light into 
absorber layer. The structure in Figure 1.15c is more suitable for photo anode as it has near field 
effect, charge transport and more reaction sites compared to other structures.  
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1.8 Energy losses in automobile vehicle (car)  
 
Figure 1.16: Energy fuel losses in automobile vehicle (car)
46
. 
 
Figure 1.16 presents the usage of fuels in automobile vehicle (car) in which a major portion 62% of 
fuel is consumed due to engine operation and waste heat. Thermoelectric technology can be used to 
change the waste heat into electrical energy using semiconductor materials.  
 
 
 
Figure 1.17: Thermoelectric generator (TEG) attached car (Model: BMW X6), zoomed in image 
showing cylindrical TEG
47
. 
Several automobile producers such as Volkswagen, BMW, Ford, and Chevrolet have included 
thermoelectric generators in the current engine design and accomplished considerable fuel savings 
(~5%). Due to solid state conversion in TEG, the have advantages such as no moving parts, low 
operating noise etc. 
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1.9 Basics of thermoelectric (TE) effect 
 
 
 
Figure 1.18: schematic representation of (a) of Seebeck effect, (b) Peltier effect and (c) 
thermoelectric module design using two dissimilar semiconductors. Reprinted by permissions from 
Macmillan publishers Ltd: Nature
48
, copyright 2001. 
 
A thermoelectric device works on solid state energy conversion technology, which is 
employed to convert waste heat into electrical energy or vice versa. In general, thermoelectric effect is 
classified into Seebeck effect (electricity generation from waste heat) and Peltier effect 
(Heating/cooling using electrical power) as shown in Figure 1.18. Seebeck effect is phenomenon in 
which applied temperature gradient over two dissimilar metals/semiconductors, produces a voltage 
difference that causes a flow of electric current, functions as an electric generator. The inverse of 
Seebeck effect is known as Peltier effect, in which an input voltage causes temperature difference 
between two dissimilar metals/semiconductors. The relationship between Seebeck and Peltier effect 
are discovered by Thomson and observed by Lord Kelvin. Thomson effect describes the production or 
absorption of heat along a conductor with temperature gradient when electric charge flows through it. 
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The performance of thermoelectric devices are characterized by figure of merit (ZT)
15
 given 
as  
Figure of merit (ZT)= 
𝑆2𝜎
𝑘
𝑇 
 
Where S is the Seebeck coefficient, σ is the electrical conductivity, k is the thermal conductivity and T 
is the temperature. To be competitive with conventional refrigerators or power generators, 
thermoelectric materials with a ZT value greater than 3 are highly desirable
49
. The crucial problem in 
increasing ZT lies in the incompatible interdependence between the Seebeck coefficient, the electrical 
conductivity (which should be high) and the thermal conductivity (which should be low). The thermal 
conductivity can be written as κ = κph+ κel, where κph is the lattice thermal conductivity and κel is the 
electronic thermal conductivity. κel can be varied by doping the materials whereas κph cannot be 
reduced below a critical limit without distorting the lattice structure
50
. These complications often lead 
to low ZT values thereby hindering the potential of this technology. 
 
 
Figure 1.19: Illustration of change in Seebeck coefficient S, electrical conductivity σ, S2σ, and 
electronic (κe) and lattice (κl) thermal conductivity as a function of free-charge-carrier concentration n. 
The optimal carrier concentration is about 1×10
19
 cm
-1
, which is indicated by an arrow
51
. 
 
Figure 1.19 indicates the possible pathways to attain an efficient TE material. The ideal TE 
material would be semi-metal or highly doped semiconductor with low electronic thermal 
conductivity. Nano structuring of materials increase the electronic density of states (DOS), and 
introduction of pores reduce the thermal conductivity.  
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1.9.1 Telluride based thermoelectric (TE) materials 
Bismuth telluride (Bi2Te3) is the first reported thermoelectric material in 1950’s with a ZT 
value of ~1 at room temperature
15
. The doping of Bi2Te3 using antimony (Sb) or lead (Pb) leads to 
high TE performance. Antimony telluride (Sb2Te3) and lead telluride (PbTe) are p-type materials 
which has good thermoelectric properties in mid- (300 K-500 K) and high temperature (>600 K) 
range
16
.  The bulk TE materials are their TE properties are presented in Figure 1.20. 
 
Figure 1.20: Figure of merit ZT of current state of the art thermoelectric (TE) materials versus 
temperature. The dashed lines show the maximum ZT values for bulk state of the art materials, and 
the solid lines show recently reported ZT values, many of which were obtained in bulk nanostructured 
materials. Reproduced image from
52
 with permission of the Royal Society of Chemistry 
 
To improve TE figure of merit of bulk materials several strategies such as doping, nano 
structuring, increasing grain size etc. have been employed.  The thin film structures of Bi2Te3/Sb2Te3 
displays a record ZT value of 2.4 at 300 K due to the excellent control of electron and phonon 
transport
53
.  However module performances of Bi2Te3/Sb2Te3 don’t display high efficiency due to 
interconnection and other issues regarding the module design. The overview of various inorganic TE 
materials is presented in Table 1.1. 
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Table 1.1:  Overview of various inorganic TE materials, their figure of merit, system/module 
prospects and technological bottlenecks in material/module design
54
. 
Material Temp. range Development level 
of material 
Development level 
of TEs 
Bottle neck 
(Bi, Sb)2Te3 
Commercial 
material 
mainly from 
China 
ZT = 1.0  at 
350 K 
Superlattice  
ZT~2.4 (p-
type) 
Production level, 
superlattices,  
nanocomposites 
under laboratory 
development 
Low efficiency 
modules 
commercially 
available 
Only low temp. 
material, poor 
efficiency of 
commercial 
material, 
superlattice and 
QD-material only in 
the lab 
PbTe 
  
ZT = 0.8 at 
800 K. 
 
Material accessible in 
limited amounts 
Used in space 
applications, next 
Mars-mission PbTe-
based RTEGs 
System efficiency in 
space 6-7% 
ZT-value of 
commercial 
material still poor. 
SnSe  ZT = 2.6 at 
923 K. 
Material available in 
restricted amounts 
No modules 
available 
Performance is 
limited based on 
particular crystal 
orientation in bulk 
state 
SiGe ZT = 0.8 at 
1000 K for 
bulk material,  
superlattice 
ZT up to 3 
Bulk material 
Superlattices and 
QD-Material under 
laboratory 
development 
No modules of bulk 
material available, 
superlattice module 
too                                      
expensive and not 
available 
Modules and 
materials not 
sufficient available 
superlattice and 
QD-material only in 
the lab 
Oxides ZT < 0.1 at 
1000 K 
Available and 
inexpensive material, 
efficiency very poor 
No modules 
available 
ZT-value of 
commercial 
material very poor. 
Silicides ZT = 0.4 at 
1000K 
Good material only 
on laboratory scale 
No modules 
available 
ZT-value of 
commercial 
material poor. 
clathrates ZT = 0.9 at 
900 K 
Good material only 
on laboratory scale 
No modules 
available 
Material and 
modules are not 
available for system 
integration 
skuderidite ZT = 1.5 at 
1000 K 
Good material only 
on laboratory scale 
No modules 
available 
Material and 
modules are not 
available for system 
integration 
Zinc-
Cadmium 
Antimonide 
ZT = 1.4 at 
700 K 
Development level: 
laboratory 
No integration in TE 
devices yet 
Modules are not 
available for system 
integration 
(LAST-18) 
alloy  
 
ZT = 2 at 800 
K 
Development level: 
laboratory 
No integration in TE 
devices yet 
Thermal stability 
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Among the various inorganic TE materials, telluride/selenide based materials display the high 
ZT values approaching the commercialization requirements. However the telluride/selenide based 
materials have some disadvantages such as (i) high cost of the material, (ii) environmentally 
hazardous material and (iii) limited supply/scarcity of raw materials. Due to the above mentioned 
issues with telluride, scientists are looking for an alternative material with a high ZT values. 
 
1.9.2 Polymer based thermoelectric materials 
Organic materials are eco-friendly, low-cost and high Seebeck coefficient and low thermal 
conductivity properties. The TE properties of different polymers such as polyacetylene (PA), 
polyaniline (PANI), polypyrrole (PPy), polycarbazoles, polythiophenes, and poly (phenylene 
vinylenes) (PPV), have been summarized in Table 1.2. 
 
Table 1.2: Highest Power factors reported for various polymers. Abbreviations: PA=polyacetylene, 
PANI=polyaniline, PPy=polypyrrole, PPV=poly(phenylene vinylene), PEDOT=poly(3,4-
ethylenedioxythiophene), PSS=polystyrene sulfonate, CSA=camphor sulfonate, DMSO=dimethyl 
sulfoxide, EG=ethylene glycol. Reproduced with permission from John-Wiley & Sons
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Table 1.2 presents the Seebeck coefficient and electrical conductivity of different polymers.  
 
In general, the electrical conductivity values of polymers are quite low, which reduces their 
ZT values. Hence, the intrinsic electrical conductivity can be improved by factor such as crystallinity, 
length of the polymer chain, molecular packing etc. and extrinsic electrical conductivity can be 
modulated by doping with carbon materials (CNT, graphene) or inorganic nanomaterials (MoS2, PbTe, 
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Bi2Te3). However, the reported high ZT value of PEDOT: PSS
56
 was 0.25 at 300 K and for doped 
PEDOT: PSS
57
 the ZT value was 0.42 at 300 K.  Hence, polymers based TE materials can’t be 
considered as a potential alternative to telluride based TE device since their ZT value on lab scale is 
too low. 
 
1.9.3 Carbon based thermoelectric materials 
Carbon is a unique material with fascinating properties and could be used for in a varied 
range of applications such as aircrafts
58
, automobiles
59
, battery
60
, supercapacitor
61
, thermoelectric
62
, 
solar cell
63
, fuel cells
64
 etc. Carbon materials exist in several forms with varying degree of crystallinity 
that can determine the electrical
65
, thermal, and electrochemical
66
 properties. Carbon has many 
allotropes such as fullerene (OD), carbon nanotube (CNT) (1D), graphene (2D) graphite and diamond 
(3D) etc. The difference between graphite and diamond is the arrangement of atoms, which is 
commonly called as hybridization. Expect diamond (sp
3
 hybridized), all the above mentioned carbon 
nanostructures are sp
2
 hybridized. The thermal properties of the Carbon nanostructures are presented 
in Figure 1.21. 
 
Figure 1.21: Reported thermal conductivity values of various carbon materials. The axis is not to 
scale. Reprinted by permissions from Macmillan publishers Ltd: Nature Materials
67
, copyright 2011. 
 
Figure 1.21 presents the thermal conductivity of various carbon nanomaterials. The Seebeck 
coefficient values of fullerene (0D), CNT (1D), Graphite (3D) are quite low, which reduces their ZT 
value. In case of graphene (2D), it has high Seebeck coefficient as well as high electrical and thermal 
conductivity values
62
. Additionally, the thermal conductivity values of CNT, graphene are very high 
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that affects the ZT value. Several approaches such as oxidation of graphene
68
, isotope doping
69
, and 
patterning graphene
70
 have been applied on graphene to reduce the thermal conductivity. The results 
of the reduction in thermal conductivity of isotopically doped graphene are presented in Figure 1.22 
 
Figure 1.22: Thermal conductivity of suspended graphene with different concentrations of 
isotopically doped graphene. Reprinted by permissions from Macmillan publishers Ltd: Nature 
Materials, copyright 2012
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The thermal conductivity values of graphene with 0.01% C
13
 isotope doping,  graphene with 
1.1% C
13
 isotope doping, graphene with 50% C
13
 isotope doping and, graphene with 99.2% C
13
 
isotope doping are measured to be 4419 W/mK, 2792 W/mK, 2197 W/mK , 2816 W/mK respectively. 
The increase in doping concentration causes more phonon scattering, thereby reducing the thermal 
conductivity vales. 
Alternatively, graphene growth of interconnected 3D nickel foams reduces the thermal 
conductivity values drastically
71
. The thermal conductivity of the 3D graphene (after nickel etching) 
was varying between 500~1500 W/mK depending on the various nickel etchants employed. The 
major reasons for the huge decrease in thermal conductivity are due to the porous structure, and 
surface roughness. Hence, to improve thermoelectric properties of graphene, well designed porous 
structure along with ideal surface properties (high roughness in samples reduces thermal conductivity 
values) has to be synthesized. The Seebeck and electrical conductivity of porous graphene films can 
be tuned by varying the arrangement of pores, thereby modulating the mean free path of electrons and 
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phonons
72
. Porous graphene can be a promising material for automobile applications, if the ZT value 
is high. 
 
1.10 Research objectives 
The major goal of this thesis is to fabricate a (i) stable hybrid metal/semiconductor 
nanostructure based photo electrode with enhanced visible light absorption and study their photo 
electrochemical properties and (ii) improving the thermoelectric properties of porous graphene by 
varying the pore size and to gain fundamental insights about the structure-property relationships. 
  
1) To synthesis and explore the optical properties of metal nanoparticles and semiconductor nanowires 
 
2) The synthesis of hybrid metal/semiconductor nanostructures from previously obtained knowledge 
and measure the photo electrochemical properties of the photo anode.  
 
3) To synthesize 2D and 3D materials of graphene and transitional metal dichalcogenides nanosheets 
and examine their optical & electrical properties and check the feasibility of employing them in 
thermoelectric devices. 
 
4) To decouple the electrical and thermal properties of the three dimensional graphene networks. 
 
5) To creating mini band in the electronic structures to boost the thermopower of nano architectural 
graphene 
 
1.11 Organization of thesis 
The synthesis, structural, optical studies of the metal nanoparticles (0D) and semiconductor 
nanowires (1D) are presented in Chapter 2. To overcome the disadvantage of each nanostructure, a 
hybrid metal/semiconductor (gold/zinc oxide nanowire) nanostructure has been synthesized and the 
photo electrode performance is presented in Chapter 3. The synthesis, structural, optical property 
studies of several two dimensional (2D) nanosheets and their surface modifications are given in 
Chapter 4. Chapter 5 discusses the fabrication and characterization of three dimensional (3D) porous 
graphene based nanostructures. The thermoelectric performance of porous graphene nano-networks is 
measured and results are presented in Chapter 6. The effect of randomly oriented pores and their 
corresponding change in thermoelectric properties of 3D graphene nanofoam are given in Chapter 7. 
The conclusion and future prospects are presented in Chapter 8. 
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Chapter 2 
Synthesis and Characterization of Metallic Nanoparticles and Semiconductor 
Nanowires 
 
2.1 Introduction 
Nanotechnology broadly denotes the technologies that operate using nanometer (10
-9
 
m) or atomic scale (10
-10
 m) materials
1
. To fabricate such nano materials/devices two major 
approaches have been employed namely (i) top-down approach
2
 and (ii) bottom-up approach
3
.  
Top-down approach employs methods such as lithography, etching, grinding etc. to 
synthesize nanomaterials from bulk materials. On the other hand, bottom-up approach uses 
techniques such as colloidal deposition, hydrothermal synthesis, chemical vapor deposition 
(CVD) etc. to build nanostructures such as nanoparticles, nanowires, and nanosheets from 
molecular/atomic precursors. By controlling the experimental conditions, the size, shape, 
thickness and diameter of the nanomaterials could be modulated. The choice of synthesis 
technique is often chosen by the desired application.  
 
2.2 Synthesis and characterization of metallic nanoparticles 
Nanoparticles (NPs) are the basic building blocks of nanoscience which has 
fascinating optical, electrical, mechanical and sensing properties. In particular, enormous 
research interest has been dedicated to metallic nanoparticles due to their excellent catalytic
4
 
and surface enhanced Raman scattering (SERS)
5
 properties. Metallic nanoparticles are widely 
used in solar cell
6
, photo electrochemical (PEC)
7
 cells, sensors
8
, and in biomedical 
applications
5
. Among the various metal nanoparticles, gold and silver nanoparticles are of 
prime importance because of their long term stability and reproducibility. This work focusses 
on synthesizing gold and silver nanostructures using solution process. 
 
2.2.1 Gold nanoparticles 
The synthesis of gold nanoparticles can be realized via diverse solution process such 
as Turkevich
9
 method, Brust method
10
, Perrault method
11
, sonolysis
12
, block copolymer 
mediated method
13
. Depending on the size and morphology of the expected nanostructures, 
the choice of synthesis method has to be decided. In this study, modified Turkevich method
14
 
was employed to synthesize spherical gold nanoparticles and nanostructures as described 
below 
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2.2.1.1 Experimental details 
Gold nanoparticles were synthesized using chloroauric acid (Sigma-Aldrich, 
>99.9%), sodium citrate (Sigma-Aldrich, >98%) and sodium hydroxide (Duksan pure 
chemicals), ethanol (Samchun pure chemicals) as precursor materials. Gold stock solution 
was made by dissolving 30 millimoles (mM) of chloroauric acid in ethanol under yellow light 
conditions. Once the gold stock solution is made it can be stored in light sensitive vial in the 
refrigerator and can be used at the time of experiments. Sodium citrate solution was made 
dissolving 1weight % of the salt in deionized water. 1 mole (1 M) of sodium hydroxide 
solution was made by dissolving the salt in deionized water and stirring it for some time 
before storing the solution in a glass vial. 
For gold nanoparticles (Au NP) synthesis, a 100 ml glass vial is used. Firstly, 
deionized water was first poured into the vial followed by addition of 30 mM chloroauric 
acid solution and 1 Wt% of sodium citrate solution. Few drops of NaOH solution were added 
to the mixture to adjust the pH of the solution between 8-9. The pH of the solution was 
checked by means of pH paper.  After confirming the pH values the glass vial was sealed by 
means of Teflon tape and the solution was kept in a hot plate at 100 °C for about 30 minutes. 
After 30 minutes, the nanoparticle solution is naturally cooled to room temperature. All 
reactions were performed in the yellow light conditions.  In case of gold NP deposition on 
substrates, the substrates are placed inside glass vial before sealing it. 
During the reaction, Au
3+
 ions in chloroauric acid are reduced to Au
0
 by the sodium 
citrate solution which also serves as a capping agent. By varying the reaction time, the size 
and structure of the nanoparticles can be tuned. The optimized reaction time was found to be 
around ~30 minutes. Alternatively the reaction stages can also be monitored by the color 
changes in the reactant solution. The synthesized gold nanoparticles are characterized by 
means of scanning electron microscopy (SEM), transmission electron microscopy (TEM), 
UV-Visible Spectroscopy techniques. 
 
2.2.1.1.1 Effect of reaction time 
The effect of reaction time on tuning the optical properties of Au NP has been 
observed by varying the reaction time from 10 min to 40 minutes, while the reaction 
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temperature was fixed at 100 °C. Figure 2.1a shows the visible color contrast in nanoparticle 
solution due to particle size changes. 
 
 
 
Figure 2.1: (a) Digital image of the gold nanoparticles solution synthesized under                                                                                     
different reaction time and (b) UV-Visible absorption spectrum of gold nanoparticles. 
 
Figure 2.1b displays the UV-Vis absorption spectrum of synthesized gold 
nanoparticles (Au NP). The Au NP shows the absorbance peak at ~520 nm. The scattering of 
light inside the solution indicates the presence of nanoparticles in the solution. If the reaction 
time was prolonged after the solution turned ruby red color, the solution will turn opaque 
which indicates the nanoparticles are aggregated. 
 
2.2.1.1.2 Effect of reaction temperature 
The reaction temperature also determines/affects the morphology of the gold 
nanostructures. To check the effect of temperature on the structures, the reaction temperature 
was varied from 120 °C to 175 °C and the reaction time was kept constant at 30 minutes for 
all the samples. Pre-cleaned silicon substrates were used as a substrate for gold deposition. 
The pH of the reactant was 8-9 for all the samples (except Figure 2.2b). The morphologies 
were characterized by the SEM images shown below 
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Figure 2.2: SEM images of gold nanostructures synthesized at a temperature of (a) 120 °C, 
(b) 130 °C-pH change (pH ~11), (c) 130 °C, (d) 140 °C, (e) 160 °C and (f) 175 °C. The scale 
bar is 1µm for all the images. pH value of the solution is 8~9 unless mentioned. 
As the reaction temperature is increased from 100 °C, the particles tend to aggregate 
and thereby attaining an increase in the particle size which is evident from the SEM images. 
In addition, the pH of the solution was varied from 8~9 to 11 by adding extra drops of 
sodium hydroxide in one sample (130 °C-reaction temperature, Figure 2.2b) . The pH of 
gold chloride and sodium citrate solution are varied by addition of sodium hydroxide solution 
which also changes the morphology of the structures. If the pH of the precursor solution (no 
addition of sodium hydroxide) is around 2~3, triangle shaped nanostructures are formed, 
while pH value (on addition of sodium hydroxide) is 8~9 it yields spherical nanoparticles and 
if pH >10 yields aggregated/connected nanoparticles at reaction temperature of 100 °C.  
 
2.2.1.1.3 Substrate properties 
For employing gold nanoparticles for practical applications such as sensors, it is 
necessary to coat the nanoparticles onto substrates. Therefore the contact angle of the 
substrate is a major factor which affects the adhesion of the nanoparticles to the substrate.  
The substrates are ultrasonically cleaned in acetone, isopropyl alcohol and distilled water for 
about 30 minutes. The cleaned substrates are dried by blowing nitrogen gas. The contact 
angle measurements were performed using the Drop Shape Analysis System DSA100 (Kruss, 
Germany). 
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Figure 2.3:  Photograph of a water droplet on (a) fluorine doped tin oxide (FTO) substrate, 
(b) Silicon (Si) substrate, (c) silicon dioxide/silicon (SiO2/Si) substrate, (d) slide glass 
substrates and (e) oxygen plasma treated slide glass substrates. 
 
The contact angle of the FTO substrate, Si substrate, SiO2/Si substrate, slide glass 
substrate were found to be 50°, 30°,35°and 20° respectively. Oxygen plasma treatment on the 
cleaned slide glass substrates was done using the Harrick plasma cleaner (Model: PDC-32G) 
system. The oxygen plasma time was varied as 10 minutes, 20 minutes and 30 minutes and 
the corresponding contact angles were 2.8°, 2.0°, and 1.6° respectively. All the contact angle 
measurements were averaged based on 10 measurement spots on 2 x 2 cm sample at random 
locations. 
 
2.2.1.2 Nanoparticle coating methods onto substrates 
There are different methods to coat the nanoparticles namely, physical vapor 
deposition (Molecular beam epitaxy (MBE), sputtering, and evaporation), atomic layer 
deposition, wet chemical methods (dip coating, layer by layer deposition etc) onto substrates 
for prospective applications. The physical vapor deposition and atomic layer deposition 
allows to control the nanoparticle size and density etc. but these methods are comparatively 
expensive/time consuming process. On the other hand, wet chemical methods are relatively 
cheap, less time consuming process. Wet chemical methods have been used to deposit the Au 
NP on substrate and the experimental results are given below 
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2.2.1.2.1 E-beam Evaporation  
Pre cleaned silicon wafers were used as substrates for depositing the Au NP. A thin 
layer (10 nm) of chromium was coated through the e-beam evaporator (Woosung, Korea) 
onto the pre cleaned silicon substrates; which acts as an adhesion layer. 20 nm thick Au NP 
layers were deposited on chrome coated silicon substrates by evaporating the metallic gold 
using e-beam evaporator (Woosung, Korea). The morphology of the structures are shown 
below 
 
Figure 2.4: SEM images of (a) pre cleaned silicon wafer, (b) chromium (Cr) coated silicon 
(Si) wafer and (c) gold coated Cr/Si substrates. 
 
From the SEM images, the size of Au NP are confirmed to be 30~120 nm. Due to the 
presence of chrome under layer the surface coverage of the Au NP is uniform. However 
particle size control couldn’t be attained by this method, which is a drawback of this method. 
 
2.2.1.2.2 Colloidal deposition 
Au NP can be deposited on Si, Cr/Si substrates by colloidal process. In this method, 
the substrates are put into the glass vial consisting of pH varied precursor solution. The pH of 
solution was 8~9. The vial is sealed with Teflon tape and the reactions are carried out at 
100 °C in hot plate under yellow light conditions. Once the solution color changes to ruby red 
color, the vials are allowed to cool down naturally to room temperature. The substrates were 
washed in deionized water and ethanol for three or more times. The samples were allowed to 
dry in air for further characterizations.  
Figure 2.5 (a) and (b) shows the colloidal gold deposition on Si substrate. The 
particle size was found to be varying from 20-60 nm. The coverage of gold nanoparticle was 
good but few empty spots are also noticed. Hence to increase the density of the Au NP 
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repeated coating (2 times) was done onto the substrates. The morphology of the 2-time 
deposited samples is revealed in Figure 2.5 (c) and (d). The particle size varies from 40-70 
nm and increased surface coverage was obtained as a result of repetitive deposition. In an 
alternative way, the increase in the amount of gold and sodium citrate precursor can also 
increase the density of the nanoparticles. 
 
Figure 2.5: SEM images of (a) & (b) 1-time colloidal gold deposition on Si substrate, (c) & 
(d) 2-times colloidal gold deposition on Si substrate. 
 
As shown in SEM images in Figure 2.6 (a) & (b), once the amount of gold precursor 
is reduced to 0.5 ml the nanoparticles sparsely cover the surface of the substrate. Increasing 
the gold precursor to 0.6 ml (optimized condition), the 20-40 nm nanoparticles entirely cover 
the substrate as shown in Figure 2.6 (c) and (d). Further increase in the amount of gold 
precursor (0.7 ml), yields tightly packed 15-25 nm nanoparticles on the substrate. These 
nanoparticles can be coupled along with nanowire or other nanostructures for potential 
applications such as surface enhanced Raman spectroscopy (SERS), solar cells, photo 
electrochemical cell etc. 
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Figure 2.6: SEM images of colloidal gold nanoparticles on Cr/Si substrates (a) & (b) amount 
of the gold precursor is 0.5 ml, (c) & (d) amount of the gold precursor is 0.6 ml and (e) and 
(f) amount of the gold precursor is 0.7 ml. 
 
2.2.2 Silver nanoparticles  
Nanoparticles made of silver constitute as one of the first commercialized 
nanotechnology based products. Silver nanoparticles exhibit size and shape dependent 
properties
15
 that are useful in applications such as biosensors, optical antennas, solar cell, 
transparent conducting films etc. Due to their high optical transparency and electrical 
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conductivity of Ag NP, they have been widely used in the electronics industry. The silver 
nanoparticles (Ag NP) can be synthesized via physical methods (evaporation, sputtering) or 
by means of chemical methods (colloidal synthesis
16
, polyol process
17
, photo reduction 
methods
18
 etc.). Ag NP is also employed to aid the growth of nanowires (silicon nanowires) 
via the metal assisted chemical etching (MACE) method. 
2.2.2.1 Sputtering  
Ag NP has been synthesized on silicon substrates by sputtering process using silver 
target. The thickness of deposited Ag NP was around ~10nm, which was controlled by high 
accuracy quartz crystal microbalance (QCM). The morphology of the Ag NP is shown below 
 
 
Figure 2.7: (a) & (b) SEM images of Ag NP on Si substrate, (c) EDX spectrum of the 
samples (inset image: masked area shows the EDX region) and , (d) the elemental ratios 
calculated from EDX spectroscopy results. 
 
Figure 2.7a and b denotes the electron microscopy image of Ag NP on Si substrate. 
Due to the low thickness of the deposited Ag NP, sparse coverage of the substrate is attained. 
To check the elemental composition of Ag NP, EDX spectroscopy was performed. The 
results (Figure 2.7d) indicate the Ag is predominantly present on the substrate and there are 
no other impurities. 
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2.2.2.2 Colloidal synthesis  
The colloidal silver nanoparticles were synthesized using 10 milli moles (mM) of 
silver nitrate solution and hydrofluoric acid. Silver nitrate salt (AgNo3, 99.9999% trace 
metals basis, product ID: 204390) was purchased from Sigma-Aldrich, hydrofluoric (HF) 
acid (ACS reagent, 48-51%) was purchased from J.T.Baker company. For the synthesis of Ag 
NP, 10 ml of 10 mM AgNO3 solution and 10 ml of HF solution are mixed in a plastic beaker. 
The pre-cleaned Si substrates were put into the mixed solution for few minutes (< 3 min). 
The samples are removed from the AgNO3/HF solution subsequently, washed with distilled 
water several times and dried out by blowing nitrogen gas.  
 
 
Figure 2.8: SEM image of colloidal Ag NP on Si substrate for deposition time of (a) & (b) 1 
minute, (c) &(d) 2 minutes, (e) EDX spectrum of the samples (inset image: masked area 
shows the EDX region) and , (f) the elemental ratios calculated from EDX spectroscopy 
results. 
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Figure 2.8 represents SEM images of the synthesized colloidal Ag NP on Si 
substrate for deposition time of 1 min and 2 minutes. As evident from the morphological 
studies, the size of colloidal Ag NP varies in the range of 70-120 nm. The EDX spectroscopy 
result confirms the presence of the silver onto the substrate without any impurities. This Ag 
NP can be used as a metal catalyst for the synthesis of silicon nanowires. 
 
2.3 Synthesis and characterization of semiconductor nanowires 
Nanowires are the term generally given to wires whose diameter is in the order of 
one to few hundred nm and length varying from few hundred nm to mm. Semiconductor 
nanowires has large surface to volume ratios and excellent electronic, thermal, optical and 
mechanical properties
19
. Since the finding of carbon nanotube (CNT) in 1991
20
, several 
scientists developed variety of techniques to mass produce CNT and other semiconductor 
nanowires for real world applications. Among the various nanostructures, nanowires are 
unique due to their excellent optical and extraordinary charge/electron transport properties
21
. 
Silicon nanowires (Si NW) also have gained attention during the last decade, as they were 
considered as a potential alternative to silicon based field effect transistor (FET) technology. 
The surface modification of the Si NW is attained by creating pores in nanowire, surface 
decoration of the nanowires using metal nanoparticles and catalytic materials which has 
intense need in energy conversion applications in particular solar fuels, thermoelectric
22
. 
Metal oxide nanowires (ZnO, TiO2, Fe2O3, CuO) on the other hand have low 
electronic conductivity compared to Si/CNT nanowires. Comparatively metal oxide 
nanowires have high conductivity than their bulk counterparts.  Majority of the metal oxide 
nanowires are used for optical lasing, photodetectors
23
, solar cells
24
, supercapacitors
25
 etc. 
For individual applications (piezoelectric, solar cell), the requirements and fabrication 
methods of the metal oxide nanowires differs significantly which makes it challenging. 
Regarding solar cell/solar fuel applications, the metal oxide nanowires can be synthesized 
using the hydrothermal method. Hydrothermal method is a cost-effective, industry scale 
technique to mass produce the nanowire at low temperatures
26
. Taking advantage of the low 
temperature hydrothermal process, the nanowires can also be grown on flexible substrates. 
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2.3.1 Carbon nanotube (CNT) 
Carbon nanotubes (CNT) were initially synthesized and discovered by arc discharge 
process
27
. Due to the high cost associated with the process, scientists developed a chemical 
vapor deposition (CVD) technique for synthesis of CNT. Since then, various CVD techniques 
such as plasma enhanced CVD (PECVD)
 28
, aerosol assisted CVD (AACVD)
 29
, microwave 
plasma CVD (MW-CVD)
 30
, thermal CVD (TCVD)
 31
, catalytic CVD (CCVD) has been 
explored in the last decade for making CNT. In most of the above mentioned methods, 
methane is used as a carbon source precursor and metal foils (Fe, Ni) /metal film deposited 
substrates were used as a catalyst which aids the growth of CNT at high temperatures (350-
750 °C). The growth direction and position of CNT can be controlled by using template 
growth mechanisms.  
 
2.3.1.1 Experimental details 
Poly vinyl alcohol (PVA) (Mol.wt 31,000~50,000), Iron (III) chloride hexahydrate 
(ACS reagent, >97%) were purchased from sigma-Aldrich. The chemicals were used without 
any further purification. 1 wt. % of PVA solution in distilled water was made at 90 °C-12 
hours. 300 phr (phr: parts per hundred parts of resin) of iron chloride salt was added to 1 
wt. % PVA solution which is then ultra-sonicated for couple of hours; yielding a well 
dispersed CNT precursor solution. The CNT precursor solution was spin coated onto pre-
cleaned SiO2/Si substrates. The samples were placed in a thermal CVD system which was 
ramped to a temperature of 650 °C in Ar/H2 atmosphere. The reaction takes place at 650 °C 
for 30 min where the PVA gets converts into horizontally aligned CNT with iron particles at 
the end of the nanotube. The iron particles can be removed by placing the substrates in dilute 
hydrochloric acid solution. The SEM images were taken by Nova NanoSEM 230 apparatus. 
Raman spectrums were recorded WITEC (alpha 300S) spectrograph. The laser power of the 
system is set to 1.5 mW for all measurements. 
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2.3.1.2 Results and discussion 
 
 
Figure 2.9: (a) & (b) SEM image of CNT synthesized on SiO2/Si substrate, (c) & (d) Raman 
spectrum of the CNT synthesized on SiO2/Si substrate. 
 
Figure 2.9 shows the SEM images of the CNT and its corresponding Raman 
spectrum. The Raman peak at ~300 cm
-1
 corresponds to the RBM of CNT, ~520 cm
-1
 
corresponds to the substrate peak, ~1350 cm
-1
 corresponds to the D-band of CNT
32
, ~1590 
cm
-1
 corresponds to the G band of the CNT
32
.  
 
2.3.2 Silicon (Si) nanowire and nanostructures 
Silicon is considered as Holy Grail material of the electronics industry. Hence 
nanostructures of silicon (Si nanowire (NW)) are believed to be promising materials for 
future electronics as well as energy conversion technologies. Si NW is synthesized by vapor-
liquid-solid (VLS) method
33
 or metal assisted chemical etching (MACE) method
34
. MACE 
has considerable advantages over the VLS method notably easy, cost- and time- effective 
method, as well as avoids the usage of toxic silane gas. This study explores the usage of 
different metals and nanostructure control relationship via MACE method. 
 61  
 
2.3.2.1 Experimental details 
Silver nitrate salt (AgNO3, 99.9999% trace metals basis, product ID: 204390), 
hydrogen peroxide (50% stabilized in water) was purchased from Sigma-Aldrich; 
hydrofluoric (HF) acid (ACS reagent, 48-51%) was purchased from J.T.Baker company. One 
side polished 4 inch silicon wafers (prime quality) were purchased from LG silitron, Korea. 
The silicon wafers were diced into 2 x 2 cm substrates and ultrasonically cleaned in acetone, 
isopropyl alcohol and distilled water for 20 minutes. The cleaned wafers were dried by 
blowing nitrogen gas. For the growth of Si NW and nanostructures using the MACE 
technique, gold (Au), silver (Ag) and aluminum (Al) metals were used. 25 nm of the metal 
(Au/Ag/Al) layers were deposited on Si substrate using physical vapor deposition 
technique/colloidal deposition (only Ag). The metal/Si substrate was put into a mixed 
solution of 4.8 M HF acid and 0.16 M of hydrogen peroxide solution. Increasing the reaction 
temperature from room temperature to 50 °C increases the reaction kinetics which leads to 
the growth of long nanowires. After the reaction the substrates are washed in deionized water, 
dilute nitric acid, 5% HF solution and dried by nitrogen gas. The SEM images were recorded 
using Nova NanoSEM 230 apparatus. Raman spectrums were measured using WITEC (alpha 
300S) spectrograph. The laser power of the system is set to 1.5 mW for all measurements. 
 
2.3.2.2 Results and discussion 
 
Figure 2.10: (a) SEM images of the Si nanostructures obtained by etching Au/Si substrate 
and (b) it’s cross sectional image. 
 
Figure 2.10 shows the morphology of Au/Si substrate after the etching process 
(using HF+ H2O2 solution). From the results, it is clear that the gold particle surface reactions 
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are limited and hence MACE technique doesn’t work well with Au NP for the Si NW 
synthesis.  
Figure 2.11 shows the morphology of Si NW by etching PVD grown Ag and 
colloidal Ag NP. The reaction mechanism of the Si NW is already reported 
35
. The height of 
the nanowire made using PVD grown Ag and colloidal Ag NP were determined to be ~13 µm 
and 9 µm respectively from the cross sectional SEM images (Figure 2.11 b & d). The 
difference in the height of the nanowires is attributed to two factors namely (i) reaction time 
and, (ii) thickness of the Ag NP layer. 
 
 
Figure 2.11: (a) SEM images of the silicon nanowires (Si NW) obtained by etching PVD 
grown Ag/Si substrate at room temperature for 1 hour and (b) it’s cross sectional image, (c) 
SEM images of the Si NW obtained by etching colloidal Ag NP/Si substrate at room 
temperature for 30 minutes and (b) it’s cross sectional image. 
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Figure 2.12: Top view & cross sectional SEM images of the Si NW obtained by etching 
PVD grown Ag/Si substrate at (a) & (b) 50 °C for 30 minutes, (c) & (d) 50 °C for 1 hour. 
 
Figure 2.13: X-ray diffraction of Si nanowires obtained after etching and washing.  
 
The effect of reaction temperature on the height of the Si NW was examined by 
performing the etching reactions at 50 °C for 30 minutes and 1 hour. In case of 30 minute 
etching time, 9 µm high Si NW are obtained whereas for the 1 hour etching time, 28 µm high 
Si NW are obtained. These porous nanowires have high surface roughness. If the reaction 
time is kept at 50 °C for 1 hour or more time, the nanowires tend to slant due to the 
mechanical stress (due to lengthy NW). The XRD result confirms the nanowire is composed 
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of silicon and there are no metal residues or formation of oxide layer. The advantage of the 
MACE technique is the surface uniformity is high in all the samples with high reproducibility. 
Silver nanoparticles are effective in guiding the nanowire growth in vertical direction. 
 
Figure 2.14: Top view SEM images of the Si nanostructures obtained by etching PVD grown 
Al/Si substrate at (a) room temperature for 1 hour, (b) 50 °C for 1 hour, and (c) 50 °C for 3 
hours. 
Similarly, the MACE technique has been performed on samples using aluminum 
particles as a metal source. Figure 2.14 shows the room temperature etching process is 
ineffective in case of Al/Si. As the reaction temperature and time increases, the nanoporous 
silicon structures were formed. From the SEM results, the pore size for 50 °C -1 hour & 3 
hours etched samples were found to be 20~50 nm and 30-160 nm respectively. These bi-
continuous silicon structures are useful for light trapping applications. 
 
2.3.3 Zinc oxide (ZnO) nanowire and nanostructures 
Zinc oxide (ZnO) is the most widely studied material among the metal oxides due to 
its diversified properties. ZnO is a transparent, large bandgap (3.2 eV) material with low 
electronic conductivity that can be used for sensors, solar cells, piezotronics, solar water 
splitting, thermoelectrics, battery etc
36
. Nanostructures of the ZnO are of prime interest to 
many researchers due to its versatile applications
19
. ZnO nanowire (NW)/nanostructures can 
be synthesized by vapor transport (VT) method or by hydrothermal method. The 
hydrothermal method is non-expensive, less time consumption than the VT method. 
 
2.3.3.1 Experimental details  
-Chemicals used 
Zinc acetate dihydrate (Sigma-Aldrich, ACS reagent, ≥98%), Zinc nitrate hexahydrate 
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(Sigma-Aldrich, >98%), Hexamethylenetetramine (HMTA) (Sigma-Aldrich, >98%), Sodium 
Hydroxide (NaOH), and Ethanol. All chemicals were used without further purification. 
-ZnO seed layer 
The substrates (Si, FTO glass, slide glass) were cleaned using ultra-sonication with acetone, 
isopropanol, and de-ionized water for 10 min and dried by blowing nitrogen gas. The ZnO seed layer 
was sputtered coated/spin coated/dip coated onto the substrate. The ZnO seed solution was made by 
dissolving 10 mM of zinc acetate dihydrate in ethanol. The spin coating of ZnO seed layer was done 
at 2000 rpm for 30 Seconds. The spin coating process was repeated for 10 times to obtain a uniform 
seed layer, and in between each spin coating the sample was annealed at  350 °C-5 min to remove 
solvent and to improve the substrate adhesion. In case of dip coating, the substrate is dipped in ZnO 
seed solution, washed with water and dried by blowing nitrogen gas and the sample was annealed at 
350 °C-5 min. The dip coating process was repeated ~10 times to ensure the complete coverage of the 
seed layer. 
-ZnO NWs growth via hydrothermal method 
ZnO NWs growth was carried out by suspending the substrate (Si wafer, FTO, slide glass, 
PDMS)  upside-down in a glass bottle filled with an aqueous solution of zinc nitrate hydrate (25 mM) 
and hexamethylenetetramine (25 mM) at 90 °C for 2 hr 30 min. If the ratio of zinc nitrate: HMTA is 
varied in 2:1 ratio nanowire networks are formed and if zinc nitrate: HMTA ratio is 1:2 means 
nanosheets tend to aggregate into nanowire structure. If the sample is kept facing upwards, 3D 
interconnected ZnO NW network are formed due to high density of nucleation sites. After the reaction, 
the substrate was removed from the growth solution, rinsed with ethanol and deionized water, and 
dried.  
-patterning 
A 100 nm thick photoresist film was obtained by spin-coating at 3000 rpm on the desired 
substrate. 2D square patterns with circular holes were fabricated via interference lithography (IL). The 
samples were double exposed for 6 x 6s by rotating the sample 90 degrees. Before developing the 
photoresist using PGMEA, a post-exposure bake was conducted at 55 °C for 10 min. 
-Characterization 
The morphology of the ZnO seed & NWs was visually explored using a NOVA NANOSEM 
230 FE-SEM. The X-ray diffraction data were obtained using a Rigaku D/MAZX 2500V/PC HPXRD. 
The optical properties were checked using UV-Vis spectroscopy (cary 5000). The mechanical 
properties were measured using dynamic mechanical analyzer (TA instruments, USA). 
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2.3.3.2 Results and discussion 
 
 
Figure 2.15: (a) & (b) Top view SEM images of the spin coated ZnO seed/Si substrate, (c) 
X-ray diffraction (XRD) results of the ZnO seed/Si substrate. 
 
Figure 2.15 shows the ZnO seed layers have uniformly covered the Si substrate. The size of 
ZnO seed particle is found to be in the order of 20-40 nm. XRD results of ZnO seed layer shows the 
preferential (002) plane, which aids the growth of nanowires. 
 
 
Figure 2.16: (a) Cross sectional SEM images of ZnO NWS grown on (a) sputtered ZnO seed layer/Si 
substrate, (b) spin coated ZnO seed layer/Si substrate and, (c) dip coated ZnO seed layer/Si substrate. 
 
The different type of seed layer coating also affects the nanowire orientation and density as 
shown in Figure 2.16. The dip coated seed layer has poor coverage; sputtered seed layer has vertical 
as well as inclined nanowires. In case of spin coated seed layer, the nanowires have improved density 
and uniform vertical nanowires were obtained. 
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Figure 2.17: Top view SEM images of ZnO NW grown on (a) ZnO Seed/Si, (b) SU-8 patterned GaN 
substrate, (c) ZnO/slide glass substrate, (d) cross sectional SEM image of ZnO NW /Si substrate, (e) 
SEM image of ZnO NW/PDMS substrate and (f) cross sectional SEM image of ZnO NW /Slide glass 
substrate. 
 
Figure 2.17 demonstrates the versatility and substrate independent nature of hydrothermal 
growth of ZnO NW onto different substrates. In case of GaN substrates (Figure 2.17 b) no seed layer 
was coated as single crystal substrate will guide the ZnO NW growth. However, the SU-8 patterning 
of the GaN substrate via IL technique (check section 2.3.3.1 for more details) has modified the surface 
of the GaN substrate, due to which ZnO NW are sparsely grown on GaN substrate. The height of the 
vertically aligned ZnO NW with high uniformity grown on Si substrate, slide glass substrate is ~ 1.5 
µm. 
 
Figure 2.18: Top view SEM images of ZnO nanostructures grown on Si substrate at zinc nitrate: 
HMTA molar ratio of (a) 2:1, (b) 1:2, (c) 1:1 substrate facing upwards. 
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Figure 2.18 indicated the possibility of varying the nanostructure by tuning the zinc nitrate: 
HMTA precursor’s molar ratio. Figure 2.18a indicates the formation of ZnO nanowire networks if the 
zinc nitrate: HMTA molar ratio is 2:1. Figure 2.18b shows nanodisk formation of ZnO which further 
assemblies into ZnO NW structure when the zinc nitrate: HMTA molar ratio is 1:2.  The individual 
nanodisks are evidently detectable in the SEM image. If the zinc nitrate: HMTA molar ratio is 1:1 and 
the substrate is kept facing downwards vertical NW are formed, but if the substrate are kept facing 
upwards it increases the number of nucleation sites on the surface which leads to three dimensional 
interconnected ZnO nanostructures as shown in Figure 2.18c. 
 
 
Figure 2.19: (a) optical properties of ZnO NW, (b) XRD results of ZnO NW and, (c) , (d) & (e) 
mechanical properties of ZnO NW. 
 
Figure 2.19a shows the UV-Vis spectroscopy results of ZnO NW that has absorbance around 
300-400 nm, which aggress well with the band gap of the material. The structural quality of ZnO NW 
was examined by means of XRD measurements which show prominent ZnO diffraction peaks along 
with substrate peak. The mechanical properties of ZnO NW were measured using DMA apparatus and 
the results are presented in Figure 2.19. From the Figure 2.19c, the young’s modulus of the vertically 
aligned ZnO NW is measured to be 7.28 Gpa. The young’s modulus of NW is vital parameter for 
checking its potential piezoelectric applications and the young’s modulus is dependent on the diameter 
of the nanowires. The diameter of the nanowires reported in this study varies between 50-120 nm.  
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2.3.4 Cerium oxide nanostructures 
Cerium oxide (CeO2) is a material with great ionic conductivity and low electron conductivity. 
In this work, an effort has been made to synthesize a well aligned CeO2 nanostructure which has high 
electron conductivity using ZnO NW as a template. 
 
2.3.4.1 Experimental details 
-Chemicals used 
Cerium (III) nitrate hexahydrate (Sigma-Aldrich, 99%), Zinc acetate dihydrate (Sigma-
Aldrich, ACS reagent, ≥98%), Zinc nitrate hexahydrate (Sigma-Aldrich, >98%), 
Hexamethylenetetramine (HMTA) (Sigma-Aldrich, >98%), and Ethanol. All chemicals were used 
without further purification. 
-Formation of ZnO NW & CeO2 nanostructures 
For the synthesis of CeO2 nanostructures, ZnO NW has to be synthesized which will act as a 
self-dissolving template. The experimental procedures for making ZnO NW are already presented in 
section 2.3.3.1. The synthesized ZnO NW was inserted into hydrothermal reactor with 0.1 M cerium 
nitrate solution at 95 °C for 2 hours. The samples are then washed with ethanol, distilled water and 
allowed to dry in air. 
 
2.3.4.2 Results and discussion 
The morphological studies confirm the ZnO NW/FTO has been converted to CeO2/FTO 
substrate. 
 
Figure 2.20: (a) & (b) SEM images of CeO2 nanostructures and (b) EDX spectroscopy results. 
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2.3.5. Titanium dioxide (TiO2) nanowires 
TiO2 is a large band gap semiconductor material which is widely used in dye sensitized solar 
cells (DSSC) and photocatalytic applications
37
. The synthesis and optical property studies of the TiO2 
nanowire and nanostructures were performed. 
 
2.3.5.1 Experimental details 
-Chemicals used 
Hydrochloric acid (HCl) (35-37 %, samchun pure chemicals), titanium (IV) butoxide (Sigma-
Aldrich, >97%), methylene blue (sigma-Aldrich), TiO2 nanoparticle paste (EMB Korea) were 
purchased.  
-TiO2 nanoparticle film 
 FTO glass was cut into 1.5 x 2 cm and ultrasonically cleaned in acetone, IPA and distilled 
water for 30 min. The substrates were dried by blowing nitrogen gas. The cleaned FTO substrates 
were masked for desired area (0.5 x 0.5 cm) using a 3M tape. The commercially bought TiO2 
nanoparticle paste was coated onto masked area by doctor blading technique. After the coating, the 
3M tape is removed and the substrate was allowed to anneal at 250 °C-20 min in a hot plate to remove 
the solvent and binder materials. Subsequently the annealing temperature is increased to 550 °C-15 
min, this helps to improve the crystallinity of the material. The samples are allowed to cool down 
naturally.  
-TiO2 nanowire (TiO2 NW) 
FTO glass was cut into 1.5 x 2 cm and ultrasonically cleaned in acetone, IPA and distilled 
water for 30 min. The substrates were dried by blowing nitrogen gas.  30 ml of distilled water, 30 ml 
of HCl and 1.4 ml of 0.05 M titanium butoxide are put into a 100 ml-teflon lined autoclave. The FTO 
substrates are placed in the autoclave and reaction was performed at 150 °C-2 hours. The samples are 
allowed to cool down naturally. The samples are washed several times with distilled water and dried 
in air for further characterizations. 
-Dye degradation studies 
20 ml of 10
-5
 M of methylene blue solution is taken in a quartz beaker and the TiO2 sample is 
put inside it. The beaker is placed under a solar simulator (Newport) under AM 1.5G conditions at 100 
mW/cm
2
. Every 10 minutes the absorbance of the dye is measured from which we can measure the 
photocatalytic (C/C0) property of the TiO2 samples. 
-Characterization 
The morphology of the TiO2 NW was imaged using a NOVA NANOSEM 230 FE-SEM. The 
optical properties were checked using UV-Vis spectroscopy (Cary 5000). Raman spectroscopy results 
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were measured using WITEC (alpha 300S spectrograph). 
 
2.3.5.2 Results and discussion 
 
 
Figure 2.21: (a) SEM image, (b) absorbance, (c) & (d) dye degradation properties of TiO2 
nanoparticle paste. 
 
Figure 2.21a displays the uniform coating of TiO2 nanoparticles on a large area and the UV-
Vis spectroscopy (Figure 2.21b) results agrees well with the absorbance of TiO2. TiO2 nanoparticles 
have better dye degradation properties as evident from Figure 2.21 c. The morphology and the optical 
properties of the TiO2 NW are presented in Figure 2.22. The SEM images confirm the diameter of 
TiO2 NW between 100-200 nm and the height is measured to be 1.8 µm (Figure 2.22b). The Raman 
spectrum and absorbance result of synthesized TiO2 NW indicates the crystallinity of the material, 
which could be used for solar conversion applications. 
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Figure 2.22: (a) SEM image, (b) cross-sectional SEM, (c) absorbance and, & (d) Raman spectrum of 
the synthesized TiO2 NW. 
 
2.3.6. Iron oxide (Fe2O3) nanostructures 
Iron oxide is a visible active (bandgap: 2.1 eV) semiconductor material, that are actively 
applied for sensors, photoelectrochemical applications
38
. In p-n junction based energy conversion 
devices iron oxide nanostructures suffer due to their short hole transport properties (~20 nm), which 
increases the recombination; thereby reducing the overall efficiency. This work was intended to 
synthesis and studies their optical properties of Fe2O3 nanostructures by changing the precursor. 
 
2.3.6.1 Experimental details 
-Chemicals used 
Boric acid (Samchun chemicals, 99.5%), Iron chloride hexahydrate (Samchun chemicals, 97% 
purity) were purchased and used without any further purification. 
-Fe2O3 nanostructures 
FTO glass was cut into 1.5x2 cm and ultrasonically cleaned in acetone, IPA and distilled 
water for 30 min. The substrates were dried by blowing nitrogen gas. 30 ml of 0.15 M iron chloride 
solution and for boron doped samples (10/20/50 wt.% of boric acid solution) were mixed in 50 ml 
glass bottle. The FTO substrates are placed inside the glass bottle for reaction at 90 °C-6 hours. The 
sample is then washed in distilled water for several times and dried in air. The sample was then 
annealed in air at 550 °C-15 minutes and at 800 °C-20 minutes. 
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-Characterization 
The morphology of the Fe2O3 NW was imaged using a NOVA NANOSEM 230 FE-SEM. The 
optical properties were checked using UV-Vis spectroscopy (cary 5000). Raman spectroscopy results 
were measured using WITEC (alpha 300S spectrograph). 
 
2.3.6.2 Results and discussion 
Figure 2.23 represents the morphology of as synthesized B doped-FeOOH nanostructures 
before annealing process. The size of the FeOOH nanostructure is inversely proportional to the boron 
doping concentration. The notable advantage of doping process is once the size of the FeOOH nuclei 
becomes small, the hole transport properties of FeOOH are enhanced.  
 
 
Figure 2.23: SEM image of iron oxy-hydroxide (FeOOH) doped with (a) 10 wt. % boric acid,(b) 20 
wt. % boric acid, (c) 30 wt. % boric acid, & (d) 50 wt. % boric acid. 
 
The morphology of synthesized FeOOH without boron doping after high temperature 
annealing are given in Figure 2.24 a and b, yielding Fe2O3 nanostructures. The absorbance of Fe2O3 
nanostructures (as shown in Figure 2.24c) was observed at ~550 nm which matches well with the 
previous studies. The Raman spectrum (Figure 2.24d) confirms the good crystalline nature of the 
Fe2O3 nanostructures, which can be employed for wide range of applications. 
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Figure 2.24: (a) & (b) SEM image, (c) absorbance and, & (d) Raman spectrum of the synthesized 
Fe2O3 nanostructures. 
 
2.3.7 Copper oxide (CuO) nanowires 
Copper oxide is a p-type semiconductor with a narrow band gap of 2.1 eV, widely used in 
memory applications. When some metals are annealed at high temperature in air
39
, metal oxide 
nanowires are formed by virtue of the surface oxygen. To explore this phenomenon in copper, this 
study was performed. 
 
2.3.7.1 Experimental details 
For the growth of CuO nanowires two substrates have been used namely (i) Copper (Cu) foil, 
(ii) evaporated Cu/Si. In case of the evaporated Cu/Si, the thickness of the e-beam evaporated copper 
was 500 nm. Cu foils (0.025 mm (0.001in) thick, annealed, coated, 99.8% (metal basis), Alfa aesar) 
were purchased and cut into required dimensions for the nanowire growth. Copper foils were cleaned 
by dipping the foil in hydrochloric acid for 20 seconds and washing it in distilled water.  The 
substrates were placed in a tube furnace, where the reaction temperature was 600°C for 4 hours in air 
atmosphere. The synthesized CuO NW was imaged by means of NOVA NANOSEM 230 FE-SEM. 
 
2.3.7.2 Results and discussion 
The formation of CuO on the surface of Cu foil is noticed from Figure 2.25 a and b. The 
height of the nanowires is ~10 µm.  In case of evaporated Cu/Si substrate during annealing process 
adhesion problems cause the film to peel off from the substrate. In very few areas on the substrate, 
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CuO NW was formed. 
 
 
Figure 2.25: Top view & cross sectional SEM image of CuO NW grown on (a)&(b) Cu foil, (c) & (d) 
evaporated Cu/Si substrate. 
 
2.3.8 Niobium diselenide (NbSe2) nanostructures 
NbSe2 is a semi-metallic material with high electrical conductivity, low band gap (~0.9 eV) 
and excellent superconducting properties
40
. However the melting point of niobium is very high 
(>2000 °C), so physical vapor deposition methods can’t be employed on lab scale to synthesis NbSe2. 
There are very few reports regarding the chemical synthesis of NbSe2 nanostructures
41
. This work aims 
to synthesize NbSe2 nanostructures and study their optical properties. 
 
2.3.8.1 Experimental details 
-Chemicals Used 
Dodecylamine (Sigma-Aldrich, >99%), Niobium (V) chloride (Aldrich, >99%), Selenium 
(Aldrich, >99.5% metal basis) were purchased and used without further purification. Dodecylamine is 
always stored in refrigerator since its melting point is ~29 °C. 
- NbSe2 nanostructures 
The synthesis was performed in a two-neck flask which is degaussed by passing nitrogen gas. 
After degaussing about 0.2 gm of Niobium (V) chloride and 0.292 gm of selenium is added to the 
flask along with a magnetic stirrer. One end of the flask is connected to condenser; whereas other end 
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of the flask is sealed and kept under nitrogen flow. Then 88 ml of dodecyl amine is injected into the 
flask by means of syringe. The reactions were performed at 250 °C for 4 hours under nitrogen flow 
conditions. For synthesizing NbSe2 nanowires, the flask was rapidly quenched in hexane after the 
reaction. The solution was then vacuum filtered and washed several times with hexane. If the rapid 
quenching is not performed, some amine may get condensed on the structures thereby forming 
nanosheet/nanoball structures. The synthesized powders were annealed in a tube furnace at 450°C for 
3 hours under argon/hydrogen flow to remove the impurities from the sample. 
-Characterization 
The morphology of NbSe2 nanostructures was visualized using a FE-SEM. The optical 
properties were checked using UV-Vis spectroscopy (Cary 5000). Raman spectroscopy results were 
measured using WITEC (alpha 300S spectrograph). 
 
2.3.8.2 Results and discussion 
The optical absorbance (Figure 2.26) results have a shoulder peak ~900 nm that corresponds 
to the synthesized NbSe2 nanostructures. Figure 2.27 shows the morphology synthesis of NbSe2 
nanostructures by controlling the quenching conditions. 
 
 
Figure 2.26: optical absorbance results of NbSe2 nanostructures. 
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Figure 2.27: SEM image of (a) NbSe2 nanowire and nanosheets, (b) NbSe2 nanosheets, and (c) NbSe2 
nanospheres. 
 
2.4 Conclusion 
In this chapter, the synthesis and characterization of various metal and semiconductor 
nanostructures were studied. Metallic nanoparticles have an advantage of tunable optical absorbance 
properties over the visible region of solar spectrum. On the other hand, metal oxide (ZnO, TiO2) 
nanowires have narrow optical properties majorly in the ultraviolet region of the solar spectrum. 
Hence a hybrid nanostructure composed of metallic nanoparticles and metal oxide nanowires would 
be beneficial for photo conversion applications. The synthesis and applications of the hybrid 
nanostructures with enhanced optical and electron transport properties for generating solar fuels and 
their outcomes are presented in next chapter. 
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Chapter 3 
Hierarchical Metal/Semiconductor Nanostructure for Efficient Water Splitting 
 
3.1. Introduction 
The efficient conversion of solar energy into fuel via photochemical reactions is of great 
importance for the next-generation energy source
1,2,3
. Water splitting is a process through which 
hydrogen can be generated using photo-electrochemical conversion
4,5,6,7,8
. Metal oxide 
semiconductors such as TiO2, ZnO, CuO and WO3 have been widely investigated for water splitting 
since they satisfy several essential requirements, such as the flat band potential, low electrical 
resistance, and good corrosion resistance in aqueous solution
9,10,11,12,13,14,15
. However, most of the 
photo-chemically stable metal oxide semiconductors for water splitting have a large bandgap, 
resulting in limited light absorption in the visible region and overall low efficiency. 
Metal/semiconductor junctions
16,17
, where a metal is in close contact with a semiconductor have been 
of great importance in charge rectification, photocatalytic activity and hot electron generation since 
the metal NPs can enhance the optical absorption in the range of visible light through the use of the 
excitation of the surface plasmon, and provide a Schottky barrier, leading to the reduction of the 
electron-hole recombination
18,19,20
. For example, gold or silver doped semiconductors have 
demonstrated enhanced efficiencies in interfacial charge transfer processes by shifts of the Fermi 
level
21
.  
ZnO is a n-type semiconducting material with a wide band gap and a large excitation binding 
energy showing good performance in organic solar cells, DSSC and photocatalytic reactions. The 
feasibility of fabrication of different morphologies such as nanowires, nanotubes, tetrapods, etc.
22,23
 
 
also allows for wider applications of the ZnO nanostructures. The main limiting factor for the use of 
ZnO as a photoanonde for water splitting would be, as previously mentioned, its large band gap, 
resulting in the weak photoresponse in the commonly available wavelength region of light
13,23
. It has 
been reported that the surface coating of ZnO nanowires with quantum dots (QD) could address the 
low photoelectrochemical cells (PEC) efficiency problem of ZnO via the increase in the 
photoresponse to the visible light
24
. There are also several recent reports on enhancing the PEC 
efficiency using plasmon based water splitting
14,25 
caused by the decrease in recombination rate of the 
electron-hole pairs near the surface of the semiconductor. 
Surface enhanced Raman scattering (SERS) is a non-destructive, highly sensitive analytic tool 
that uses the excitation of the surface plasmon in chemical, optical, and biological sensing
26,27,28
. Thus 
far, metallic rough surfaces
29
, nanoparticle colloids
30,31,32
, and periodic nanostructures
33
 have been 
proposed as efficient SERS substrates. The advantage of periodically patterned nanostructures over 
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bulk film or randomly scattered NPs is associated with the fact that the numerous optical properties of 
materials that are useful in areas such as nano-optics
18,34
, biosensors, and surface enhanced 
spectroscopy
35
 are greatly affected by the controllable geometries as well as the dimensions of the 
repeating units. In addition, periodic patterns permit highly reliable SERS substrates with large area 
coverage for practical applications
36
. Interference lithography (IL) is a fast and efficient technique for 
the fabrication of large area and long range ordered nanostructures by transferring the light intensity 
distribution into a light sensitive medium
37,38
. Through the appropriate choice of beam parameters, the 
geometry and volume fraction of the nanostructures can be controlled, which makes IL a good tool for 
the fabrication of SERS substrates. We hypothesize integration of the photon trapping obtained by 
properly designed nanostructure and modification of photoresponse range into large band gap 
semiconductor can potentially improve solar based water splitting performance. The photon trapping 
within the structure can be enhanced by selecting appropriate diameter and pitch of the periods and 
the light absorption property of UV-working semiconductors is enhanced by surface coating of visible 
active metal nanoparticles. 
 
3.2 Experimental details 
-Chemicals used 
Chloroauric acid (Sigma-Aldrich, >99.9%), sodium citrate (Sigma-Aldrich, >98%), Zinc 
acetate dihydrate (Sigma-Aldrich, ACS reagent, ≥98% ), Zinc nitrate hexahydrate (Sigma-Aldrich, 
>98%), Hexamethylenetetramine (HMTA) (Sigma-Aldrich, >98%), Sodium Hydroxide (NaOH), and 
Ethanol. All chemicals were used without further purification. 
-Fabrication of 2D patterns via interference lithography 
The details of the patterning process is already mentioned in Chapter 2 of this thesis (please 
refer to section 2.3.3.1). The diameter and pitch of the patterns were found to be 380 nm and 550 nm, 
respectively, from SEM measurements. 
-ZnO NWs and Au NP/ZnO NW growth.  
The details of the nanowire growth is already mentioned in Chapter 2 of this thesis (please 
refer to section 2.3.3.1). For gold nanoparticles(Au NP) deposition on ZnO NW substrates, a 100 ml 
glass vial is used. Firstly, deionized water was first poured into the vial followed by addition of 30 
mM chloroauric acid solution and 1 Wt% of sodium citrate solution. Few drops of NaOH solution 
were added to the mixture to adjust the pH of the solution between 8-9. After confirming the pH 
values the glass vial with ZnO NW substrates were sealed by means of Teflon tape and the solution 
was kept in a hot plate at 100 °C for about 30 minutes. After 30 minutes, the nanoparticle solution is 
naturally cooled to room temperature. All reactions were performed in the yellow light conditions.   
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-Characterization 
The morphology of the NWs was examined using a NOVA NANOSEM 230 FE-SEM. The 
powder diffraction data were obtained using a Rigaku D/MAZX 2500V/PC HPXRD. The TEM was 
measured using JEOL system (JEM-2100). The SERS spectra were acquired using an alpha 300S 
spectrograph from WITEC. The instrument uses an Olympus BX-40 microscope with a 100 X (0.9 
N.A) objective lens with a power of 0.1 mW of the 632.8 nm line from an electrically cooled He-Ne 
laser. In this work, the sample integration time for single measurement was set to 20 s. OPCE 
measurements were done using PV measurement QE system by applying monochromatic light from a 
xenon lamp under ambient conditions. The monochromatic light intensity was calibrated using a Si 
photodiode and chopped at 100 Hz. 
-Photoelectrochemical (PEC) Measurement 
The PEC measurements were done using Ag/AgCl, Pt mesh, and Au NPs/ZnO NWs/FTO as a 
reference electrode, as a counter electrode, and as a working electrode, respectively, in a 0.5 M 
Na2SO4 (pH = 6.8) electrolyte solution. A Newport solar simulator was used to illuminate sunlight at 
AM 1.5. The power of the solar simulator was measured to be 80 mW/cm
2
. The electrochemical data 
were measured using a Princeton Applied research VersaSTAT3 potentiostat. Linear sweep 
voltammograms were obtained by increasing the voltage from -0.5 V to +1.1 V vs. Ag/AgCl with a 
scan rate of 10 mV/s under illumination of AM 1.5. Chronoamperometry measurements were obtained 
at + 0.5 V vs. Ag/AgCl while the simulator was switched on and off every 10 seconds manually using 
the shutter to record the increase in photocurrent. The PEC performances of ZnO NWs solely in the 
visible range were acquired by the solar simulator coupled with a UV cutoff filter (> 420 nm).  
 
3.3 Results and discussion 
The hierarchical metal/semiconductor nanostructures were synthesized using highly 
reproducible polymeric templates fabricated via IL as a great candidate for a photoanode with a broad 
visible-light absorption band for water splitting as well as a highly efficient SERS substrate. ZnO 
nanowires (NWs) were grown in the circular holes of polymer templates followed by surface coating 
with solution prepared Au nanoparticles (NPs). In contrast with the unpatterned Au NPs coated ZnO 
NWs (Au NPs/ZnO NWs), the hierarchically patterned Au NPs/ZnO NWs (hp-Au NPs/ZnO NWs) 
demonstrate enhanced light absorption in the UV-visible region leading to both greater SERS 
properties and better performance in water splitting. The improved efficiencies of the hierarchical 
Au/ZnO nanostructures can be explained by the enhanced plasmon-induced electron transfer due to 
the increased scattering of the absorbed light through the mixing of the two types of nanostructure 
dimensions. The excellent performance of the hierarchical Au/ZnO nanostructures as the anodes for 
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water splitting indicates that there is great potential in properly designed metal/semiconductor 
heterostructures for energy related materials. 
 
 
Figure 3.1: Schematic illustration showing the fabrication process for the hierarchically patterned Au 
NPs/ZnO NWs. (I) Exposure via interference lithography (IL). The arrows show the direction of the 
beams. (II) IL template fabricated on the ZnO seed layer. (III) ZnO NWs grown in the circular holes 
of the square lattice. (IV) Hierarchical Au NPs coated ZnO NWs (Au NPs/ZnO NWs) in SU-8 
templates. (V) Hierarchically patterned Au NPs/ZnO NWs (hp- Au NPs/ZnO NWs). Reproduced
39
 
with permissions from John-Wiley & Sons 
 
Figure 3.1 illustrates the four fabrication steps for hp-Au NPs/ZnO NWs structures. First, a 
ZnO seed layer of 200 nm is deposited onto the cleaned Si wafer using a sputtering technique. 
Through XRD analyses, the ZnO seed layer was found to be crystalline and c-axis oriented (shown in 
the supplementary information), which is essential for the vertical growth of ZnO NWs. The pristine 
polymer patterns with circular holes in the simple 2D square lattice are then fabricated on ZnO seed 
layer via IL through double exposure of 325 nm laser beam with the substrate being rotated 90° in the 
plane of the sample. Second, ZnO NWs are grown on patterned substrates using the hydrothermal (HT) 
technique. The concentrations of the precursors and reaction time were determined to create an 
appropriate height and diameter for NWs in air holes of square lattices. Third, the gold deposition 
onto ZnO NWs was achieved using a solution-based method, and the spacing between the gold NPs 
was controlled by the concentration of the precursor solution. Finally, the SU-8 patterns were 
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removed under oxygen plasma conditions. The plain (non-patterned) Au NPs/ZnO NWs were 
fabricated using the same procedure as that used for the patterned structure with the exclusion of the 
SU-8 patterning and oxygen plasma treatment.  
 
Figure 3.2: Characterizations of ZnO NWs and Au NPs/ZnO NWs: (a) SEM images of the as-grown 
ZnO NWs and (b) SEM images of Au NPs/ZnO NWs. The insets in (a) and (b) are cross sectional 
images of the ZnO NWs and a zoom-up image of the Au NPs/ZnO NWs, respectively. (c) TEM image 
of the gold coated ZnO NWs. The inset is the close-up image of the Au NP/ZnO NW. (d) XRD of 
ZnO NWs before (lower) and after (upper) Au deposition. The inset is a magnified image of 
rectangular area of the Au NPs/ZnO NWs. Reproduced
39
 with permissions from John-Wiley & Sons 
 
  Figure 3.2 shows the images that confirm the characteristics of the as-grown ZnO NWs and 
Au NPs/ZnO NWs. The diameter and height of the NWs were 60 - 90 nm and 600 - 700 nm, 
respectively, as shown in Figure 3.2(a). The cross sectional image of the as-grown ZnO NWs in the 
inset demonstrates that ZnO NWs with a uniform diameter and smooth surfaces could be obtained 
with closely packed, vertically well aligned morphologies. Figures 3.2(b) and 3.2(c) are the SEM and 
TEM images of the Au NPs/ZnO NWs. It is noteworthy that the surfaces of the ZnO NWs are coated 
with Au NPs with high reproducibility, making ZnO more robust in a weak acid solution. Using the 
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TEM images, the diameter of the Au NPs was found to be approximately 12 nm as shown in Figure 
3.2(c); they are also firmly attached to the wall of ZnO NWs. The inset is the high-resolution TEM 
image confirming ZnO NW and Au NP with the lattice distance of 0.26 nm and 0.24 nm, respectively. 
Figure 3.2(d) shows the XRD data of the ZnO NWs before (lower) and after (upper) gold deposition. 
One strong peak corresponding to the (002) plane and two very weak peaks corresponding to the (100) 
and (101) planes imply a highly crystalline nature and a preferred [0001] growth direction for the as-
grown ZnO NWs. The data for the Au NPs/ZnO NWs illustrates that there are additional small peaks 
at 2θ = 38.24 and 44.46, indexed to the (111) and (200) plane of the metallic gold, respectively, 
indicating the presence of Au NPs and their polycrystalline nature. The magnified image of the 
rectangular region in the spectrum of Au NPs/ZnO NWs is included due to the relatively low content 
of Au NPs, and thus small peak intensity, compared with the peaks of the ZnO NWs.  
 
Figure 3.3: SEM images of the structures: (a) patterned SU-8 template fabricated via IL. ZnO seed 
layer can be seen in the circular holes in the square lattice. (b) ZnO NWs grown in the patterned SU-8 
template. (c) Hierarchically patterned Au NPs/ZnO NWs in the SU-8 template. (d) Hierarchically 
patterned Au NPs/ZnO NWs after SU-8 removal. Reproduced
39
 with permissions from John-Wiley & 
Sons 
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 Figure 3.3 is a set of SEM images of the structures at each step of the fabrication process for 
the hp-Au NPs/ZnO NWs. The polymeric template targeted here is a primitive two-dimensional (2D) 
square lattice fabricated via IL. The diameter and period of the polymeric structures in the circular 
hole arrays are 380 nm and 560 nm, respectively, as shown in Figure 3.3(a). The dimensions of the 
polymer templates were determined in order to maximize the light trapping effect triggered by the 
enhanced scattering in the structures with a diameter comparable to the wavelength of the exposing 
light and to secure sufficient space to accommodate approximately 15 NWs for the deposition of large 
amount of gold nanoparticles
40
. Further increase in the period of the patterns causes SERS effect to be 
lowered and less absorption. The gold deposition on the ZnO NWs was performed using SU-8 
template as a mask such that Au NPs would only be coated on the NWs surface as shown in Figure 
3.3(c). The features of the Au NPs/ZnO NWs obtained from the removal of the SU-8 patterns are 
shown in Figure 3.3(d), providing clear evidence of the uniformly coated Au NPs over a large area. 
As shown in Figure 3.3(d), the structures fabricated in this study are hierarchically patterned 
nanostructures composed of groups of approximately 15 ZnO NWs with diameters of 60 to 90 nm and 
heights of 600 to 700 nm, uniformly coated with approximately 12 nm of Au NPs with a separation of 
around 15 nm between NPs, in the square lattice with circular holes of 380 nm in diameter. The EDX 
spectroscopy results of the Figure 3.3 (c) are given below (Figure 3.4.) 
 
 
Figure 3.4: EDX spectroscopy results of Au coated Patterned ZnO NWs on Si substrate. 
Reproduced
39
 with permissions from John-Wiley & Sons 
 
Generally, the performance of water splitting can be improved by increasing the height of 
nanowires
9
. However, at present, growing long NWs in the air holes of a polymer template with a 
certain thickness often leads to the formation of slanted ZnO NWs, leading to ZnO NWs grown in 
adjacent holes nearly touching and losing the pattern at the top as shown in Figure 3.5.  
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Figure 3.5: (a) SEM images of gold coated irregularly patterned nanowires (Ir-Pattern) with length of 
~1 μm, (b) SERS results of the gold coated nanowires on regular as well as irregular pattern. 
Reproduced
39
 with permissions from John-Wiley & Sons 
 
These disadvantages might be overcome by using single crystal substrates or epitaxial growth 
methods.  
 
Figure 3.6: (a) UV-vis spectra of the plain and hierarchically patterned (hp-) ZnO NWs, and the plain 
and hp-Au NPs/ZnO NWs. (b) SERS of the plain Au NPs/ZnO NWs (black) and hp-Au NPs/ZnO 
NWs (grey), (c) IPCE measurement of ZnO nanowire (NW), Au/ZnO NW, hp-Au/Pat NW.& (d) 
Zoomed IPCE data shown the increment due to absorption in the visible region. Reproduced
39
 with 
permissions from John-Wiley & Sons 
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The UV-Vis spectroscopic measurement was undertaken in order to explore the optical 
response of the ZnO NWs. Figure 3.6(a) shows the UV-Vis extinction spectra of the plain and hp-
ZnO NWs, and the plain and hp-Au NPs/ZnO NWs grown on the FTO substrates taken at normal 
incidence. The shoulder peaks near 527 nm in the latter two spectra are the characteristic plasmon 
absorptions of gold NPs on ZnO NWs and are slightly red-shifted compared to those of pure Au NPs 
(520 nm; see Figure 3.3b). The extinction peak spanning from 300 to 400 nm is assigned to the 
absorption of the ZnO NWs. Importantly, the hierarchically patterned samples (both hp-ZnO NWs and 
hp-Au NPs/ZnO NWs) demonstrated more intense and wider spectrum with a broad extinction band 
from 400 to 800 nm than the corresponding plain samples, even though the numbers of both NPs and 
NWs in the hierarchically patterned sample are less compared to those of the densely packed plain 
samples. The enhanced UV extinction of the hierarchical structure can be attributed to the synergetic 
scattering effect obtained by the combination of two different dimensions in the hierarchical structures. 
Generally, the degree of scattering varies as a function of the ratio of the particle diameter to the 
radiation wavelength, as well as the polarization and angle
41
. For example, an active layer of 
nanocrystalline TiO2 (nc-TiO2) with another layer of larger TiO2 particles demonstrated enhanced 
photocurrent properties in DSSCs
42
. Compared with the single layer of the nc-TiO2 where the light 
was weakly scattered, the double layers assembled with larger particles and thus with longer effective 
light path lengths can have much greater light trapping effect via multiple scattering, i.e. Mie 
scattering where electromagnetic radiation is scattered by a particle with the size of diameter-to-
wavelength ratio approaching 1. Therefore, combining two dimensions in hierarchical structures (380 
nm of circular holes and 12 nm of NPs) could maximize the photon trapping, leading to a broad and 
strong absorption band in the range from 400 nm to 800 nm in a similar way.  
Upon this result, the spectrum of SERS obtained from 1 X 10
-7 
M of crystal violet solution on 
the hp-Au NPs/ZnO NWs with the excitation at 633 nm is compared with that of the plain Au 
NPs/ZnO NWs (Figure 3.6(b)). The SERS results demonstrate great enhancement in the hp-Au 
NPs/ZnO NWs, which is consistent with the extinction spectra in Figure 3.6(a). The enhancement 
factor was calculated using the following formula:  
EF=
𝐼𝑆𝐸𝑅𝑆
𝑁𝑆𝐸𝑅𝑆
⁄
𝐼𝑏𝑢𝑙𝑘
𝑁𝑏𝑢𝑙𝑘
⁄
, 
where I and N correspond to the intensity of the Raman band and number of molecules being probed, 
respectively, and the subscript refers to the SERS and bulk cases. Ibulk and Nbulk were estimated from 
the Raman spectra of 1x10
-7 
M of crystal violet solution. Nbulk was calculated using the following 
formula Nbulk=NdAlaserAn/σ where Nd is the number of density of NPs, Alaser is the area of focal spot of 
laser, An is NP’s footprint area and σ is the surface area covered by dye molecule. Nbulk is found to be 
2.9x10
5
. NSERS was calculated to be 7.3x10
10
 molecules. The number of gold NPs adsorbed on the ZnO 
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NWs and subsequently the number of crystal violet molecules was calculated based on a laser spot 
size of 1 μm and a focal depth of 34.6 μm. The enhancement factors were calculated to be 4.75x107 
for Au NPs/ZnO NWs and 1.5x10
8
 for p-Au NPs/ZnO NWs. The reason for the higher SERS of the 
hierarchical structure over the plain structure comes from the favorable excitation of the plasmonic 
resonances of Au NPs boosted by the enhanced optical wave surrounding them due to the larger 
dimension of patterned ZnO NWs (380 nm in diameter). Moreover, the gap distance between the gold 
particles in the Au NPs/ZnO NWs is 10-15 nm, which is sufficiently close to obtain a localized hot 
spot through the enhanced collective oscillation by the neighboring NPs. In this situation, the groups 
of gold particles in a single unit cell of the large scale pattern could be assumed to be clusters with the 
combined plasmonic effects of many small NPs. Therefore, by combining the two different orders of 
dimensions in the hierarchical structures, the excitation of the surface plasmons is maximized by 
balancing the elevated dipolar plasmon resonance and enhanced light trapping.  The IPCE results as 
shown in Figure 3.6d shows absorbance in visible wavelength also due to the presence of Au NP. 
 
Figure 3.7: Photocurrent responses of the ZnO NWs, plain Au NPs/ZnO NWs and hp-Au NPs/ZnO 
NWs under illumination of AM 1.5 80 mW/cm
2
. (a) I-V curves under visible illumination (> 420 
nm). (b) I-V curves of hp-Au NPs/ZnO NWs first and after 30 on/off illumination cycles under visible 
illumination. (c) I-V curves under both UV and visible illumination. (d) I-t curves of the samples 
under light-chopping conditions. The insets in a and c are schematic diagrams showing the water 
splitting mechanism of the different types of ZnO NWs photoanodes. Reproduced
39
 with permissions 
from John-Wiley & Sons 
 91  
 
The photo-electrochemical measurements are done using Ag/AgCl, Pt mesh, and Au NPs/ZnO 
NWs/FTO as a reference electrode, a counter electrode, and a working electrode, respectively, in 0.5 
M of Na2SO4 (pH = 6.8) electrolyte solution, and the photoresponses are plotted as shown in Figure 
3.7. The insets in Figures 3.7(a) and 3.7(c) illustrate the surface plasmon enhanced water splitting 
mechanism of ZnO NWs. After the plasmon enhanced electrons are transferred from Au NPs to ZnO 
NWs, either the oxidized metal NPs or the holes created near the surfaces of the semiconductor
19
 
drive the oxygen evolution reaction whereas collected electrons drive the hydrogen evolution reaction 
near the counter electrode. Figure 3.7(a) shows the linear-sweep voltammograms of ZnO NWs and 
Au NPs/ZnO NWs under illumination of AM 1.5 80 mW/cm
2
. In order to exploit the PEC 
performances of ZnO NWs solely in the visible range, the solar simulator was coupled with the UV 
cutoff filter ( > 420 nm). The transmittance of the UV cut off filter is shown in Figure 3.8 
 
Figure 3.8: Transmittance spectrum of the UV cutoff filter. Reproduced
39
 with permissions from 
John-Wiley & Sons 
 
In contrast to ZnO NWs, the photocurrent of Au NPs/ZnO NWs is approximately 3.5 times 
greater at +0.5 V indicating that Au NPs efficiently collect solar energy in the visible region by the 
resonance of surface plasmon. Moreover, the hp-Au NPs/ZnO NWs show even greater photocurrent 
density than plain Au NPs/ZnO NWs over all voltage ranges (3 times greater than plain Au NPs/ZnO 
NWs and totally 10 times greater than ZnO NWs at +0.5 V). This is because electrons excited by 
more highly localized electromagnetic energy are readily transferred to ZnO surface with a lower 
recombination rate
19
. Therefore, the rate of the photocatalytic water splitting becomes greater when 
enhanced by plasmonic Au NPs with a higher absorption spectrum. Figure 3.7(b) confirms the 
stability of the PEC performance of the hp-Au NPs/ZnO NWs photoanode after 30 on/off illumination 
cycles. When both UV and visible light were irradiated by removing the UV cutoff filter (Figures 
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3.7(c), 3.7(d)), the photocurrent density of ZnO NWs was enhanced by a factor of ~ 30 due to the 
additional direct excitation of electrons in ZnO NWs by enhanced UV light absorption. The 
photocurrent density of Au NPs/ZnO NWs and hp-Au NPs/ZnO NWs was 1.8 and 4.2 times greater 
than that of ZnO NWs at +0.5 V, respectively. This result can further support the water splitting 
mechanism of ZnO NWs based on surface plasmon excitation and the efficient light trapping effect. 
The photoresponses over time (I-t curve) of the samples were measured at +0.5V with chopped 
illumination of AM 1.5 at a rate of 10 s exposure followed by 10 s non-illumination, as shown in 
Figure 3.7(d). The sharp spike/dip in the photocurrent during the on/off illumination cycles indicates 
the fast transport of photogenerated electrons in ZnO NWs. Overall, photocurrent and the rate of the 
photocatalytic water splitting in the hp-Au NPs/ZnO NWs are more pronounced due to the enhanced 
light trapping effect, which also can explain the contribution of electric field enhancement of surface 
plasmon to the photocatalytic conversion reaction. The amperometric I-t studies on hp-Au/ZnO NW’s 
as a function of applied overpotential at 80 mW/cm
2
 was measured, from which the photocurrent 
values have been taken for the efficiency measurements. The efficiency of the device was calculated 
using the following equation  
η% = 
I(1.23−|Vapp|)
𝑃
𝑋 100 
Where, I is the measured photocurrent in mA/Cm
2
, Vapp is the applied voltage and P is the intensity of 
incident light in mW/cm
2
. The corresponding solar to hydrogen efficiency of the materials is 
measured as given in Figure 3.9. 
 
Figure 3.9: Solar to hydrogen conversion efficiency of the PEC cell with hp-Au/ZnO nanowire 
electrode as a function of applied potential. Reproduced
39
 with permissions from John-Wiley & Sons 
 
  This study conclusively demonstrated a correspondence between the SERS property and the 
rate of photocatalytic reaction proceeding by hot electron transfer and other possible charge transfer 
mechanism between Au NPs and ZnO NWs. The maximum photoconversion efficiency of the hp-
Au/ZnO NWs was found to be 0.11% at a potential of +0.7 V.  
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3.4 Conclusion 
In conclusion, by combining Au NPs with ZnO NWs, hierarchical metal/semiconductor 
nanostructures have been fabricated with excellent performance for surface plasmon enhanced water 
splitting under visible light illumination. This study experimentally demonstrated a positive 
relationship between SERS properties and the rate of plasmon enhanced photocatalytic water splitting 
by the comparison of plain Au NPs/ZnO NWs with hierarchically patterned Au NPs/ZnO NWs. The 
improved absorbance and enhanced photoconversion efficiency of hierarchically patterned Au 
NPs/ZnO NWs are obtained as a result of the maximized scattering effect, by the coupling of the large 
scale period of the nanostructure into the small scale of the NW diameter. Interference lithography-
based fabrication of hierarchical Au NP/ZnO NWs enables the straightforward integration of multiple 
dimensions of nanostructures with a large coverage area and high reproducibility. The excellent 
performance of the hierarchical Au/ZnO nanostructures enables greater potential for 
semiconductor/metal hybrid structures for application in energy-related materials and photocatalysts 
with high electron collections. 
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Chapter 4 
Synthesis and Characterization of Two Dimensional Nanosheets and Nanostructures 
 
4.1 Introduction 
Layered materials are ones with strong in-plane bonds and weak out-of-plane bonds, which 
allow them to make two dimensional structures
1
. Some of these two dimensional materials have 
exceptional electronic, thermal, catalytic and sensing properties, superior to their three dimensional 
counterparts
2
. However, the synthesis of two dimensional materials with atomic layer thickness 
remained a challenging task for many years. A. Geim and co-workers demonstrated a simple 
technique to make graphene from graphite using a scotch tape method in 2004
3
. The synthesis of 
graphene using scotch tape earned the scientists Nobel Prize in 2010, and spurred enormous research 
interest in single atomic layer thick materials and their fascinating properties. Graphene, a two 
dimensional sheet of carbon atoms, has excellent electronic, thermal and charge storage properties
4
. 
The high electrical conductivity of graphene potentially makes it a successor to silicon in many 
electronic devices (transistors in particular)
 5
. Graphene has some fascinating electrical, thermal, 
mechanical properties. For the large scale synthesis of the graphene sheets, scotch tape method is not 
feasible. Therefore scientists propose the use of chemical vapor deposition (CVD) method as a cost 
effective solution for the mass production of graphene. The properties of the CVD grown graphene 
are inferior to that of the graphene grown by scotch tape method, or graphene grown on single crystal 
substrates using MBE/other techniques. But the single crystal growth techniques, do consume lot of 
growth time and the entire process in expensive. Hence, CVD become the preferred method to grow 
graphene on metallic foils (copper, nickel) which can then be transferred onto any arbitrary transfer 
method. However, the zero band gap of graphene is a major drawback to achieving the switching 
characteristics of a transistor. Hence, the exploration for atomic layer inorganic analogues of graphene 
was on the rise after 2010.  
Two dimensional (2D) transitional metal dichalcogenide materials (TMD) also have unique 
electrical and optical properties
6
. Molybdenum disulfide (MoS2) is a 2D semiconductor material 
which has received much attention due to its excellent optoelectronic and catalytic properties
7
. The 
monolayer MoS2 sheets have a direct band gap of ~1.8 eV which makes them an ideal material for 
transistors, photocatalysts
8
 etc. Various synthesis methods, using the top down approach (mechanical 
exfoliation, liquid exfoliation) and bottom up approach (hydrothermal growth, chemical vapor 
deposition (CVD)), have been employed to produce MoS2 nanosheets
9
. In general, the top down 
approaches yield high quality monolayer MoS2 nanosheets with the excellent opto-electronic and 
switching properties of a transistor. However, scaling up the top down process for manufacturing on a 
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large scale is not feasible
10
. On the other hand, the bottom up approach is more industry friendly and 
less time consuming for the large scale production of MoS2 nanosheets with properties comparable to 
the exfoliated sheets. In addition, the layer thickness could be easily controlled by varying the 
experimental parameters
11
. The CVD technique is a well-established and reliable method for 
synthesizing 2D nanosheets. MoS2 nanosheets can be synthesized using CVD by (i) heating 
ammonium thio-molybdate salt coated on an insulating substrate
12
, (ii) sulfurization
13
 of MoO3 and 
(iii) co-deposition of MoO3 and sulfur onto substrates
14
. In general, the MoS2 nanosheets synthesized 
by the above methods have low charge mobility, of 0.03 ~ 4 cm
2 
V
-1
S
-1, which reduces the transistor’s 
overall performance
15
. The low mobility and band gap of the MoS2 nanosheets can be further adjusted 
by means of forming sandwich structures
16,17
 and doping with other chalcogens (Se, Te), which makes 
the material more desirable for applications
18,19,20
. Compared to well-established synthetic methods 
and studies on MoS2, molybdenum diselenide (MoSe2) and molybdenum telluride (MoTe2) nanosheets 
have remained unexplored for a long time. MoSe2 is a three-layer structure comprised of a 
molybdenum layer in the centre and selenium layers on the top and bottom of the molybdenum layer. 
MoSe2 has a varying band gap depending on the number of layers, from 1.1 eV to 1.5 eV, and has a 
high mobility value of 50 cm
2 
V
-1
S
-1
. The band gap of MoSe2 makes it a promising candidate for 
electronics and solar cell based applications
21
. However there are very few reports on the synthesis of 
MoSe2 nanosheets using the CVD technique
22
.  
MoTe2 is a semiconductor with a band gap of ~1.0 eV with excellent electronic and thermal 
properties. Bulk MoTe2 has been used in photoelectrochemical applications to prevent hole corrosion 
and in thermoelectric applications due to its high thermopower values
23
. To date there is very few 
reports of making MoTe2 monolayers, by the mechanical exfoliation method
24
. This chapter describes 
the synthesis and optoelectronic property of graphene and TMD sheets using an easy and industrial 
friendly CVD technique. In addition, the effect of temperature, and metal/chalcogen ratio on the 
MoSe2 and MoTe2 layers are studied.  
 
4.2 Experimental details 
-Graphene growth via CVD 
Copper foils (0.025 mm (0.001in) thick, annealed, coated, 99.8% (metal basis), Alfa aesar) 
were used as substrates to grow graphene. The copper (Cu) foils were cut into required dimensions for 
the growth. The foils are then placed in a 2 inch diameter CVD system (Scientific engineering, Korea) 
which is equipped with mass flow controllers (argon, hydrogen, methane). The system is pumped to 
pressure of < 5 x 10
-3
 torr and then the hydrogen gas of 20 sccm is passed and temperature is raised to 
1000 °C in 50 minutes. The substrate is allowed to anneal at 1000 °C for additional 30 minutes to 
remove any impurities from the substrate surface. The graphene growth is then performede by passing 
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the methane gas (40 sccm) at 1000 °C for 30 minutes. After the growth time the methane gas is turned 
off and the system is allowed to cool rapidly. The rapid cooling process is assisted by means of a 
external table top electric fan. Once the CVD gets cooled to room temperature, the hydrogen gas flow 
is turned off and the samples are collected for further process/characterization. 
-Graphene transfer onto SiO2/Si substrate 
Poly (methyl methacrylate) (PMMA) based transfer method was used to transfer the graphene 
grown on copper foil to the desired SiO2 (300 nm)/Si substrate. PMMA was purchased from Alfa-
aesar (product ID: 43982, Avg Mw: 550,000), ammonium persulfate was purchased from Sigma-
Aldrich (Product ID: 215589). 1Wt% of PMMA solution in 100 ml of hydrous tolune was made. The 
1Wt% PMMA solution was spin coated at 2000 R.P.M for 45 sec on graphene/Cu foil. The foil is then 
dried at 120 °C for 15 min in hot-plate. After 15 min, the PMMA/ graphene/Cu foil was put into 0.1 
M of ammonium persulfate solution in a petridish for about 6 hours. After the copper has been etched 
completely, the PMMA/ graphene was lift off for the 0.1 M of ammonium persulfate solution and 
sucessively washed many times in deionized water. The PMMA/ graphene/SiO2/Si substrate was then 
allowed to dry in air after the lift off process to remove the moisture from the surface. Finally, the 
sample is put into acetone to remove the PMMA from the sample, which yields graphene/SiO2/Si 
substrate. The samples are dried and used for further characterizations. 
-Chemicals used for synthesis of transitional metal dichalcogenide nanosheets 
Molybdenum (VI) oxide (Sigma Aldrich, ACS reagent >99.5%), selenium powder (Sigma 
Aldrich, -100 mesh size, >99.5% purity), Tellurium powder (Alfa Aesar,-325 mesh size, 99.99% 
purity). All materials were used as received without any further processing. 
-Synthesis of MoSe2 nanosheets 
 Typically, about 100 mg of molybdenum (VI) oxide and 250 mg of selenium powder were 
used. Both materials were kept in a ceramic crucible for the single-crucible process. The experiments 
were performed at 750 °C (ramping time: 15 min, reaction time: 8 min) under inert conditions at 
atmospheric pressure. For the double- crucible process the distance between the two crucibles was 10-
20 cm. The experiments were performed at various temperatures (750 °C, 850 °C, 900 °C, 950 °C) 
under inert conditions at atmospheric pressure. The optimized reaction time for making few layer 
MoSe2 sheets was ~8 minutes, whereas the time for creating vertical structure growth was ~15 
minutes, with twice the quantity of initial precursors.  
-Synthesis of MoTe2 nanosheets 
 Typically, about 100 mg of molybdenum (VI) oxide and 250 mg of tellurium powder were 
used. Both materials were kept in same/different (single/ double-crucible method) ceramic crucibles. 
The distance between the crucibles was fixed at 5-10 cm. The optimized reaction time for making few 
layer MoTe2 films was ~10 minutes, whereas the time for creating vertical structure growth was ~20 
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minutes, with the weight of initial precursors doubled. The reaction temperature was kept at 850 °C 
under Ar/H2 gas flow. The other reaction temperatures (650 °C, 750 °C) did not yield MoTe2 
nanosheets. 
-Characterization 
The morphology of the films was visualized using field emission scanning electron 
microscope (Hitachi-S 4800). Surface analysis of the films was performed using micro-Raman 
spectroscopy (WITec, alpha300R). The incident wavelength of the laser was 532 nm. The laser power 
was set at 1.5 mW for the TMD sheets and, 2 mW for graphene sheets.The single spectrum collection 
time was fixed to 10 seconds. The optical microscopy images were imaged using the Carl Zeiss Axio 
Scope A1 microscope. Photoluminescence measurements were performed using the fluorescence 
spectrometer (Model No: FLS920 (Edinburgh Photonics)).  
 
4.3 Results and discussion 
4.3.1 Graphene growth and transfer 
The process diagram for growing graphene on copper foil is presented in Figure 4.1. All 
reactions were performed in a CVD consisting of a quartz tube (Scientech Co.) with an outer diameter 
of 2 cm and length of 150 cm. The graphene growth was performed on copper foils under the 
mentioned conditions. After the growth time, the CVD is rapidly cooled to room temperature. 
 
Figure 4.1: Process diagram for synthesizing graphene on copper foil via CVD technique. 
As evident from the SEM images (Figure 4.2a-b), the copper foil doesn’t have any grain size 
before the annealing process. The grain size of the copper plays a major role in deciding the 
graphene’s morphology and, electrical properties. The Raman spectrum of the copper foils is checked 
and the results are presented in Figure 4.2(d). Due to the high background/fluorescence signal from 
metal foil, no clear signal has been obtained. The morphology and surface characterization of the 
graphene grown copper foil are shown in Figure 4.3 and Figure 4.4. 
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Figure 4.2: (a) and (b) SEM images of the copper foil, (c) optical Raman microscope image of copper 
foil indicating the measurement spots and (d) Raman spectrograph of the copper foil spots (Red spot-
black color, blue spot-red color in the graph).   
 
Figure 4.3: SEM images of the graphene grown on copper foil at 1000 °C for 30 min with a methane 
flow rate of 40 sccm. 
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The grain size of the copper increases with temperature and time. In these experiments, 
copper grain size was found to be varying from 20 µm-100 µm. 
 
 
 Figure 4.4: (a) Optical Raman microscope image of graphene/Cu foil, (b)Raman spectrograph of the 
graphene/Cu foil, (c) Optical Raman microscope image of graphene transferred onto SiO2/Si substrate 
and, (d) Raman spectrum of graphene transferred onto SiO2/Si substrate measured at different spots. 
 
The Raman spectroscopy results indicate the graphene synthesized on Cu foil is of good 
quality. From Figure 4.4b, we can infer that the defect band (D band~1350 cm
-1
) of graphene is 
absent, whereas the G and 2D-band peak are visible at ~1585 cm
-1 
and ~2695 cm
-1
, respectively. The 
synthesized graphene/Cu foil was transfer to SiO2/Si substrate and the Raman spectroscopy results are 
shown in Figure 4.4d after removing the PMMA. After transferring graphene, the D band~1350 cm
-1 
is visible, which might be due to the presence of the residual impurities during the wet chemical 
transfer process. The G and 2D bands are visible at ~1580 cm
-1 
and ~2675 cm
-1
, respectively. The 
number of graphene layers in the structure can be calculated by intensity of 2D to G band ratio. If the 
ratio is high, the graphene has single layer and if ratio is low, the graphene has many layers. Based on 
this intensity ratio studies, the transferred graphene has single to few layered structure. 
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4.3.2 Patterning graphene via soft lithography 
Graphene is normally a flat and uniform material with excellent electrical properties. 
However for some energy storage applications such as supercapacitor/batteries, the surface area and 
flow of the electrolyte greatly affects the device performance. Hence, by creating pores on graphene 
surface, the abovementioned problems can be solved to certain extent. This work explores the 
possibility of pattern graphene by means of soft lithography method by employing PDMS mold onto 
graphene/ substrate and treating the sample in oxygen plasma for short time durations. The structural 
and morphological properties were analyzed. 
 
 
Figure 4.5: Raman spectroscopy results of PDMS mold on graphene/Cu foil for oxygen plasma 
etching for 1-5 min. 
 
Figure 4.5 shows the Raman spectrum of patterned graphene, which reveals that the etching 
time greatly, affects the quality of the graphene (by broadening of the 2D band). In case of 1 min 
sample, the G and 2D band are clearly noticeable around  ~1580 and ~2690 cm
-1
, but as the etching 
time increases to 5 min the G and 2D bands are broadened, which indicated the structure is distorted 
by the plasma treatment. Hence, to explore the amount of structural distortion on patterned graphene 
SEM analysis were performed. 
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Figure 4.6: SEM image of PDMS mold on graphene/Cu foil after oxygen plasma etching for (a) & (b) 
1 minute, (c) & (d) 2 minutes, (e) & (f) 3 minutes, (g) & (h) 4 minutes and, (i) & (j) 5 minutes.   
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Figure 4.6 shows the pore evolution in the graphene structures for the oxygen plasma etching 
time of 1-3 minutes. The size of pores varies from 350-500 nm for 1 minute sample and increases up 
to 1.5 µm for 3 minute samples. After 3 minutes, the plasma treatment entirely changes the 
morphology of the flat films and converts them into a bicontinous structures. One major problem with 
these structures is the residual impurities are very hard to remove from the surface, which in turn 
affects the electronic conductivity of the samples. Alternative to the graphene based materials, the 
TMD nanosheets are considered as promising candidate in few applications such as photodectors etc.  
 
4.3.3 Synthesis of MoSe2 nanosheets and nanostructures 
 
 
 
Figure 4.7: Digital camera (DC) image of the experimental setup for making MoSe2 nanosheets using 
(a) the single crucible process, and (b) double-crucible process. The insets are magnified images of 
the crucibles at the center of the heating zones. 
 
Figure 4.7a indicates the experimental setup for making MoSe2 nanosheets using a single-
crucible process. For the single-crucible process, molybdenum oxide (MoO3) and selenium (Se) 
powders with respective ratios were kept in the same crucible placed at the center of the furnace. The 
substrate (SiO2 (300nm)/Si) on which the film was to be deposited was placed upside down above the 
crucible containing the MoO3 and Se. The experiments were performed at 750 °C under Ar/H2 gas 
flow at atmospheric pressure. The disadvantage of the single crucible process is imprecise control 
over the desired chemical composition of the nanosheet because selenium has a higher vapor pressure 
than molybdenum. The melting points of MoO3 and Se are ~750 °C and ~220 °C, respectively. 
Alternatively, a double-crucible process could be applied, as shown in Figure 4.7b. In this case, the 
evaporation rate of selenium can be indirectly controlled by changing the furnace temperature.  
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In the double-crucible method
22
, the selenium boat was placed near the edge of the furnace 
(10~20 cm away from the center of the furnace), where the evaporation rate of selenium could be 
indirectly controlled (i.e., the temperature at the edge of the furnace is ~300 °C, when the temperature 
of the center is 850 °C). The temperatures at the center and the edge of the furnace were monitored by 
means of external thermocouples.  Hence, the double-crucible process is a comparatively effective 
method due to the higher degree of control over the evaporation rate of the molybdenum and selenium 
powders, compared with the single-crucible process.  
 
Figure 4.8: (a) Optical microscopy (OM) image of large area MoSe2 nanosheets, (b) Magnified OM 
image of synthesized triangular shaped MoSe2 nanosheets. (c) SEM image of the vertically aligned 
MoSe2 after prolonged growth time, and (d) Raman spectra measured at various positions 
(corresponding to Figure 4.8a and 4.8b) across the sample to check the uniformity. 
 
Figure 4.8 shows optical microscopy (OM) images of the synthesized MoSe2 films made by 
the single-crucible process. The size of the substrate was 2.5 X 1.5 cm. Figure 4.8a shows the 
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formation of the few-layered MoSe2 nanosheets having dimensions of 10-40 µm over a large area, in 
which optical contrast due to the stacking of the layers is visible. Normally, the thin MoSe2 layer 
appears transparent, whereas the thick MoSe2 layers are white in color due to scattering of light.  
Figure 4.8a visualizes the transition region from single nanosheets to joined nanosheets 
structure, where region I displays separate MoSe2 nanosheets near the substrate edges whereas region 
II displays a continuously connected layered structure in the center of the substrate. Figure 4.8b 
presents the magnified image of individual nanosheets, in which triangular shaped MoSe2 stacks are 
visible, quite closely packed to each other.  Extending the reaction time from 8 min to 15 min led to 
further stacking of the layers; yielding vertically oriented MoSe2 nanostructures as shown in Figure 
4.8c and Figure 4.9. 
 
Figure 4.9: FE-SEM images of MoSe2 films synthesized for a prolonged reaction time (15 min), at 
different magnifications.  
The Raman spectra of the MoSe2 nanosheets synthesized using a single crucible process, 
measured at random positions across the sample as shown in Figure 4.8d, which confirms the 
uniformity of the film. The out of plane modes (A1g) at ~241 cm
-1
 denote the characteristic peak of the 
layered MoSe2 nanosheet. The presence of the broad in-plane modes (E2g) at ~290 cm
-1
 indicates the 
double layers of the MoSe2 nanosheets.  
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Figure 4.10: OM images of MoSe2 nanosheets synthesized using a double- crucible process at 
different temperatures: (a) 850 °C, (b) 900 °C and (c) 950 °C. (d) Raman spectra of the MoSe2 
nanosheets synthesized at 850 °C, 900 °C and 950 °C using double-crucible process. 
 
Figure 4.10 displays the OM images of MoSe2 nanosheets synthesized by a double-crucible 
process at different temperatures (750 °C, 850 °C, 900 °C and 950 °C) under Ar/H2 gas flow at 
atmospheric pressure. As shown in Figure 4.10a and 4.10b, the MoSe2 nanosheets synthesized at 
850 °C and 900 °C have uniform coverage over a large area (300µm X 300 µm).  In the case of the 
950 °C sample, the coverage and quality of the MoSe2 film is comparatively poor (100 µm X 100 µm 
of sheet)  with respect to the 850 °C and 900 °C samples. Figure 4.10d gives the Raman spectra of 
the MoSe2 nanosheets synthesized at different temperatures by the double-crucible process. The 
temperature level changes the rate of selenium evaporation which in turn determines the number of 
MoSe2 layers. The thickness of the single and few layer MoSe2 nanosheets measured by spectroscopic 
ellipsometry are found to be 0.658+0.1 nm, 3.965±0.1 nm, respectively. The Raman spectra of the 
MoSe2 nanosheets synthesized at 850 °C, 900 °C and 950 °C show the A1g peaks at 241.9, 241.06 and 
241.29 cm
-1
, respectively. The slight variation in the A1g peak position of MoSe2 sheets made at 
various temperatures is due to strain induced by the reaction temperature, even for 750 °C samples 
shown in Figure 4.11. 
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Figure 4.11:  (a) OM image and (b) Raman spectrum of MoSe2 nanosheets synthesized by double-
crucible process at 750 °C. The scale bar denotes 20 µm. 
 
Optical images and Raman spectra of the MoSe2 films synthesized by the double-crucible 
process at 750 °C are given in Figure 4.11. MoSe2 films formed at 900 °C and 950 °C show the E2g 
peaks, indicating the creation of two to three layer of MoSe2. In the case of the 850 °C annealing 
condition, the E2g peak is absent, indicating the creation of monolayer MoSe2 owing to the controlled 
deposition of selenium.  The XPS results of the MoSe2 film are presented in Figure 4.12. The high 
resolution spectra of Mo3d and Se3d confirm the formation of MoSe2 nanosheets. 
 
Figure 4.12: XPS spectrum of MoSe2 nanosheets (a) Molybdenum spectrum and (b) Selenium 
spectrum. 
 
The XRD and Photoluminescence spectroscopy results of MoSe2 nanosheets synthesized 
using single crucible method are displayed in Figure 4.13. As shown in Figure 4.13a, the XRD 
pattern confirms the formation of MoSe2 nanosheets (JCPDS card No: 01-087-2419, 01-076-1087) 
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with some minor molybdenum oxide. Photoluminescence (PL) measurements provide direct evidence 
for defining the band gap of the materials. Bulk MoSe2 films have an indirect bandgap of 1.1 eV, 
whereas single or few layered MoSe2 have a direct band gap of ~1.5 eV.  Figure 4.13b shows the 
major emission peak of the synthesized MoSe2 nanosheet at 809 nm when excited with a xenon lamp 
source (540 nm). The PL results confirmed the synthesized MoSe2 nanosheet has a bandgap of 1.535 
eV, indicating the formation of few-layered MoSe2. 
 
Figure 4.13: (a) XRD and (b) Photoluminescence (PL) spectroscopy results of synthesized MoSe2 
nanosheets. 
 
 
Figure 4.14: Photoluminescence spectra of MoSe2 nanosheets synthesized by the double-crucible 
process grown at (a) 750 °C, (b) 850 °C, (c) 900 °C and (d) 950 °C. 
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The PL spectra of MoSe2 films formed at various temperatures (750 °C, 850 °C, 900 °C and 
950 °C) using the double-crucible process are presented in Figure 4.14. The minor variations in PL 
spectrum are due to the change in morphology of structures. 
 
4.3.4. Synthesis of MoTe2 nanosheets and nanostructures 
 
 
Figure 4.15:  (a) SEM images of MoTe2 nanosheets, and (b) OM images of MoTe2 nanosheets 
synthesized under the optimized reaction time of 10 minutes.  (c) SEM images of synthesized MoTe2 
nanosheets after the prolonged reaction time of 20 min (scale bar: 50µm) and (d) Raman spectrum of 
the MoTe2 nanosheets synthesized under the optimized reaction time of 10 minutes.  
 
Molybdenum telluride (MoTe2) is a similar layered material with a band gap of ~1 eV. To date, 
only the exfoliation method has been employed to synthesize monolayer/few-layers of MoTe2. 
However, the exfoliation process cannot be used for industrial scale production. We report for the first 
time the synthesis of MoTe2 nanosheets using CVD, which can be applied as a scalable process, and 
used as well to make vertical structures. Molybdenum oxide (MoO3) and tellurium powders with 
respective ratios were kept in a single crucible in the center of the furnace and heated at 850 °C under 
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Ar/H2 gas flow. The SEM and optical images of MoTe2 nanosheets are given in Figure 4.15. The 
prepared MoTe2 films showed preferential trigonal prismatic shaped structures as shown in Figure 
4.15a and Figure 4.15b.  The crystal structure of the MoTe2 films was similar to that of the MoSe2 
films, but the arrangement of the atoms differed due to change in phase of the materials. The crystal 
structure and phase of the MoTe2 films also depended on the reaction temperature and time. 
Prolonging the experimental reaction time yielded vertically aligned MoTe2 films, as shown in Figure 
4.15c and Figure 4.16 with various nanostructures. 
 
 
Figure 4.16: FE-SEM images of MoTe2 films synthesized for a prolonged reaction time (20 min) at 
different magnifications. 
 
 The growth of vertical nanowall MoTe2 films was observed, in which the plane of the MoTe2 
nanosheets was perpendicular to the plane of the substrate as shown in Figure 4.16. The quality of the 
synthesized MoTe2 nanosheets and nanowall was checked using Raman spectroscopy, as shown in 
Figure 4.15d. The details of the Raman measurements are mentioned in the experimental section. The 
MoTe2 nanosheets showed major characteristic peaks of the E2g mode at 231.8 cm
-1
 and A1g modes 
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~169 cm
-1
. The in-plane (E2g) and out-of-plane (A1g) modes of MoTe2 were shifted to lower 
wavenumbers as compared to MoSe2, due to the higher atomic weight number of tellurium. In general, 
the B2g weak modes are absent in monolayer MoTe2 films. Hence, the presence of the B2g mode at 
290.8 cm
-1
 in our sample indicates that the film has a few-layered structure. The thickness of the 
MoTe2 films was found to be 1.637±0.1 nm from the spectroscopic ellipsometry results. The XRD and 
XPS results of the MoTe2 film are also presented in Figure 4.17 and Figure 4.18. The XRD pattern 
reveals the formation of MoTe2 nanosheets. The observed d-spacing values matched well with the 
standard JCPDS card No: 01-071-2157. Further, the core level spectra of Mo3d and Te3d confirm the 
existence of MoTe2 nanosheets. 
 
 
Figure 4.17: XRD data of synthesized MoTe2 nanosheets (JCPDS card No: 01-071-2157) 
 
 
Figure 4.18: XPS spectrum of MoTe2 nanosheets (a) Molybdenum spectrum and (b) Tellurium 
spectrum. 
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Figure 4.19: (a) OM image of the hexagonal shaped MoTe2 nanosheet (scale bar: 20 µm). Raman 
spectrum of synthesized MoTe2 synthesized by the two-crucible method at (b) 650 °C , (c) 750 °C and 
(d) 850 °C. 
 
Figure 4.20: (a) Raman spectrum of the MoTe2 nanosheet synthesized under a prolonged growth time 
of 20 minutes, and (b) Photoluminescence (PL) spectrum of MoTe2..  
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MoTe2 films were also prepared using the double-crucible method at various temperatures, 
and their Raman spectra results are shown in Figure 4.19. The quality of the synthesized MoTe2 
vertical nanowall based structures was checked using Raman spectroscopy, as shown in Figure 4.20a. 
In the double-crucible method, the optimized distance between the MoO3 and tellurium boat was 
determined to be 5-10 cm. The distance between the crucibles was reduced from 10-20 cm (used for 
the MoSe2 films) to 5-10 cm, because tellurium has a higher melting point (450 °C) than selenium 
(220 °C). To further confirm the bandgap of the synthesized films, photoluminescence measurements 
were performed. Figure 4.20b displays the prominent PL emission peak of a MoTe2 nanosheet at 992 
nm when excited with a xenon lamp source (690 nm). It confirms a bandgap of 1.252 eV, indicating 
the formation of few-layered MoTe2. In general, the bandgap of TMD changes from indirect to direct 
bandgap with a reduction in the number of layers, which agrees well with the results.  
 
4.4 Conclusion 
Graphene, few layered MoSe2 and MoTe2 films were successfully synthesized using CVD 
under various experimental conditions. Single-few layered graphene were grown using CVD method, 
which can be used to a variety of applications. On the other hand, single crucible and double-crucible 
method were employed to make few-layered TMD nanosheets.  Extending the reaction time yielded 
layered structures along with vertically aligned nanowall based structures, which might be useful for 
energy storage applications. The bandgaps of the synthesized MoSe2, MoTe2 films, measured using 
PL spectroscopy, were found to be 1.535 eV, 1.252 eV respectively, indicating their potential usage for 
solar fuel applications.  Further, we optimized the conditions for making single and few layered 
MoSe2, and on demand MoTe2 films, which could possibly be employed for photocatalytic and 
electronic applications, etc. The synthesis and electrical properties of porous graphene and their 
structure-property relationships are presented in next chapter. 
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Chapter 5 
Synthesis and Characterization of Three Dimensional Carbon Based Nanostructures 
  
5.1 Introduction 
Three dimensional (3D) structures are quite common in organic molecules based systems
1
. 
Generally, 3D structures have some advantages over their 2D counterparts
2
 such as good electrical 
conductivity
3
, high surface area
4
, and low thermal conductivity
5
 properties. Graphene is a two 
dimensional sheet composed of carbon atoms with interesting properties
6
. Recently, 3D structures of 
graphene are being synthesized and applied for various energy conversion and storage applications 
such as solar cell
7,8
, thermoelectric devices
9
, supercapacitor
10
, batteries etc. There are different ways to 
synthesize 3D structures of graphene like chemical vapour deposition
11
, templated growth
12
, chemical 
synthesis
13
, freeze drying
14
, patterning
15
 etc. The choice of the synthesis method depends on 
parameters such as pore size, film thickness/powder, surface functionalization, electrical conductivity 
etc.Chemical vapour deposition (CVD) growth of graphene on nickel (Ni) foam was first reported in 
2011
11
. Since then, enormous researchers work on different methods to synthesize 3D graphene or to 
improve their properties by doping/surface modification for desired applications
16
. Nickel foam has an 
interconnected 3D structure with pore size varying between 100-300 µm. Graphene growth on 3D Ni 
foam via CVD yields 3D graphene structures with 100-300 µm pores. One disadvantage with Ni foam 
grown graphene is that, it is hard to transfer onto other substrates using PMMA-mediated method
17
. 
TRT transfer method 
18
 also has limited success on transferring 3D graphene and it is one of the 
research areas which are not fully explored.  Hence transfer of 3D graphene remains a major 
problem.  
Another research topic of interest is pore size control in 3D structures and studying their 
structure-property relationship especially with electrical and thermal properties. In this study, 
synthesis of 3D graphene via CVD is performed on various substrates; pore size control is also 
attained using polymer precursors for graphene growth. The effect of transfer methods on graphene 
grown on large pores (>100 µm) is also studied.  
 
5.2 Experimental details 
-Graphene growth on Nickel (Ni) foam & copper (Cu) mesh 
Nickel foam & copper (Cu) mesh substrates (1x4 cm) were purchased from Daihan scientific 
company Ltd., Korea. The Ni foam/copper (Cu) mesh were placed in a 2 inch diameter CVD system 
(Scientific engineering, Korea) which is equipped with mass flow controllers (argon, hydrogen, 
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methane). The system is pumped to pressure of < 5 x 10
-3
 torr and then the hydrogen gas of 20 sccm is 
passed and temperature is raised to 1000 °C in 50 minutes. The substrate is allowed to anneal at 
1000 °C for additional 1 hour to remove any impurities from the substrate surface. The graphene 
growth is then performede by passing the methane gas (40 sccm) at 1000 °C for 30 minutes. After the 
growth time the methane gas is turned off and the system is allowed to cool rapidly. The rapid cooling 
process is assisted by means of a external table top electric fan. Once the CVD gets cooled to room 
temperature, the hydrogen gas flow is turned off and the samples are collected for further 
process/characterization. 
- Transfer process of graphene grown on Ni foam & Cu mesh 
Thermal release tape (TRT) was used to transfer the 3D graphene to other insulating 
substrates. For TRT transfer, the tape is cut into sample dimensions and attached on top of Ni foam/Cu 
mesh and peeled off. The tape is then attached to desired substrate in a hot plate at 120 °C-10 min 
which allows the film to get deposited on the desired substrate. 
-Carbon nanostructures by carbonization of photoresist films 
Graphene can also be synthesized from block copolymer (BCP) precursor solutions.  The 
BCP synthesized graphene have been reported with a porous morphology (pore size ~nm). In this 
work, the photoresists (SU-8, AZ 5214) are used. The photoresist was spin coated onto SiO2/Si 
substrates and patterning was done via interference lithography (IL) (For more details on IL details, 
please refer to Chapter 3.2.). The samples were then carbonized in CVD under argon/hydrogen gas 
atmosphere at 800 °C for 20 minutes and allowed to cool down naturally. 
-3D graphene growth from polymer/metal precursor 
- Preparation of polymer/metal composite thin film 
Poly vinyl alcohol (PVA, Mw =31,000–50,000) and nickel chloride hexahydrate (NiCl2.6H2O) 
were obtained from Sigma-Aldrich Company and used without any further purification. PVA (10 wt%) 
was dissolved in DI-water at 90 °C and then mixed with the 300 phr (phr: parts per hundred parts of 
resin) by weight of NiCl2.6H2O. PVA/NiCl2.6H2O composite thin films were coated onto SiO2/Si 
substrate using spin-coating method .The samples were dried in a vacuum oven for about 12 hrs. 
Poly vinyl pyrolidone (PVP, Mw=40,000) and iron chloride hexahydrate (FeCl3.6H2O) were 
obtained from Sigma-Aldrich Company and used without any further purification. PVP (10 wt%) was 
dissolved in DI-water at 90 °C and then mixed with the 350 phr (phr: parts per hundred parts of resin) 
by weight of FeCl3.6H2O. PVP/FeCl3.6H2O composite thin films were coated onto SiO2/Si substrate 
using spin-coating method .The samples were dried in a vacuum oven for about 12 hrs. 
Soluble starch (extra pure) from Junsei company and iron chloride hexahydrate (FeCl3.6H2O) 
were obtained from Sigma-Aldrich and used without any further purification. Starch (10 wt%) was 
dissolved in DI-water at 90 °C and then mixed with the 350 phr (phr: parts per hundred parts of resin) 
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by weight of FeCl3.6H2O. Starch/FeCl3.6H2O composite thin films were coated onto SiO2/Si substrate 
using spin-coating method. The samples were dried in a vacuum oven for about 12 hrs. 
- Fabrication of 3D-Graphene 
The prepared composite films were placed in a 4 inch quartz tube (Scientech Co.) and heated 
to 1000 °C under a flow of H2 (100 sccm) and Argon at a pressure of 4 torr. The reaction time was 30 
min after which the samples were cooled to room temperature. The 3D graphene samples containing 
nickel/iron (3D-NFG/Ni (Fe)) were spin-coated with PMMA solution and dried at 120 °C for 5 min. 
Then the PMMA/3D-NFG/Ni on the 300 nm SiO2/Si substrate was floated on solution consisting of 
HF (5%) and ammonium persulfate (1 M) for 48 h to remove the SiO2 substrate and nickel 
simultaneously. Freestanding 3D-NFG was obtained by removing the PMMA layer in acetone for 4 h 
which was then transferred to desired substrate. 
- Characterization 
The morphology of the structures was visualized using the Field emission scanning electron 
microscope (NOVA NanoSEM 230 FE-SEM). Raman spectra were recorded using a micro-Raman 
spectrometer (WITec, alpha300R) with an incident laser wavelength of 532 nm. The crystallinity of 
the 3D-NFG samples was checked using high power X-ray diffractometer (Rigaku D/MAZX 
2500V/PC HPXRD). In order to confirm the chemical composition of the samples, X-ray 
photoelectron spectroscopy system (XPS, Thermo Fischer UK) with an Al Kα source. Electrical 
properties of the samples were checked using four point probe system. 
 
5.3 Results and discussion 
 
Figure 5.1: (a) SEM images of 3D interconnected nickel foam, (b) SEM images of graphene grown 
on nickel foam and, (c) Raman spectrum of the graphene grown on nickel foam. 
 
Figure 5.1a displays the interconnected structure of 3D nickel foam with pore size of 
100~300 µm. Figure 5.1b illustrates the successful growth of graphene on nickel foam. The Raman 
spectrum of the 3D-graphene shows no defect band (D-band~1350 cm
-1
) which indicates the 
synthesized graphene is of decent quality. The G-band and 2D-band of synthesized 3D-graphene is 
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observed along with other overtone bands. The ratio of 2D to G band is a parameter to evaluate the 
number of graphene layers
19
. In this sample the ratio of I2D/IG is found to be 1.5, which indicated the 
graphene has few layered structure. 
 
Figure 5.2: (a) SEM images of 2D Copper(Cu) mesh, (b) SEM images of graphene grown on Cu 
mesh, (c) Raman spectrum of the graphene grown on Cu mesh and (d) Raman spectrum of the TRT-
transferred graphene grown on Cu mesh to SiO2/Si substrate. 
The SEM images (Figure 5.2a) show the copper mesh with spacing of 300~500 µm. As 
shown in Figure 5.2b the graphene was uniformly covered on the surface of Cu mesh. The basic idea 
behind synthesizing this kind of 3D-structure is if we etch the metal after graphene growth, we can 
obtain porous/hollow interconnected graphene structures. These kinds of structures can be utilized in 
profound applications such as thermoelectric, supercapacitors etc. Thermoelectric technology denotes 
the conversion of heat energy to electrical energy
20
. However the mean free path of the 
materials/structure is the underlying parameter for developing highly efficient thermoelectric 
materials. In this regard, the pore size and electronic conductivity of the structures play a dynamic 
role which can be tuned in 3D-structures. The Raman spectrum of the as synthesized and transferred 
graphene is presented in Figure 5.2c and d. It should be noted that TRT transfer method is ineffective 
as only a small portion (0.1 x 0.1 cm) of the film (2 x 2cm) can be transferred to other substrates. 
There are two reason employing TRT transfer method. First, PMMA can’t be uniformly coated onto 
this template substrates which makes the metal etching process complicated. Secondly, TRT transfer 
method can be used to transfer the graphene layer without employing wet chemical methods. 
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Figure 5.3: (a) SEM images of patterned SU-8, (b) SEM images of carbonized SU-8, and (c) Raman 
spectrum of the SU-8 (black) and carbonized SU-8 (red colour). 
 
Figure 5.3a shows the SEM image of patterned SU-8 layer with a diameter of 470 nm and 
period of ~600 nm. Figure 5.3b represents the image of carbonized SU-8 samples at 800 °C where 
most of the patterns are embossed inside the layer. It should be noted that a height difference in 
samples were observed before and after carbonization process. The difference in height is due to the 
loss of oxide, hydroxyl and epoxide groups. Figure 5.3c denotes the Raman spectrum of the samples, 
due to the poor crystallinity of the samples 2D-band was absent in the carbonized structures. An 
increase in the intensity of the D and G-band peaks were observed after carbonization due to the 
change in sample structure and composition. The electrical resistance of the samples before and after 
carbonization was measured. The values were not measurable in SU-8 sample before carbonization 
due to high resistance (out of range values of measurement system) whereas the resistance is in range 
of few KΩ after the carbonization process.  
 
 
Figure 5.4: (a) & (b) Top view & cross-sectional images of carbonized AZ-5214, and (c) Raman 
spectrum of the carbonized AZ-5214. 
AZ 5214 is one of the widely used positive photoresist and carbonizing the photoresist 
produces carbon nanostructures as shown in Figure 5.4a and b. In carbonized AZ 5214 samples, the 
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characteristic D and G-band peaks (Figure 5.4c) of carbon are found but the 2D band is absent, 
indicating the low crystallinity. Generally, carbonized photoresist have a tendency to exhibit improved 
electrochemical properties
21
. For an in depth understanding about the graphene growth from polymer 
precursors, it is good to know about the thermal properties (Figure 5.5) of the source material. 
 
Figure 5.5: Thermo-gravimetric analysis (TGA) results of different polymer precursors used in 
graphene synthesis. 
 
 
Figure 5.6: SEM images of 3D-graphene after etching metal particles grown by using precursors of (a) 
PVA/NiCl2.6H20, (b) PVP/FeCl3.6H20, and (c) starch/FeCl3.6H20 precursor. (d) Raman spectrum of 
3D-graphene obtained after removing metal particles. 
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Figure 5.6 shows the SEM images of 3D-graphene grown using polymer/metal precursors. 
Employing polymer source as precursor materials is advantageous as it provides the flexibility to tune 
the pore size. PVA samples show pores in the range of 30-150 nm (Figure 5.6a), PVP samples show 
pore size of 100 nm ~ few µm (Figure 5.6b) and starch samples show pore size of 20-300 nm (Figure 
5.6c). The presence of nanometer sized pore in the samples is confirmed by the Raman spectroscopy 
results (Figure 5.6d). The D-band, G-band and 2D-band peaks of the graphene are present and the 
shoulder peak of G band around ~1620 cm
-1 
(Dʹ band) denotes the presence of pores. In all samples 
(PVA/PVP/Starch), the synthesized 3D-graphene has a few-layered structure. To further examine the 
3D-graphene for applications, it is crucial to measure the chemical composition (Figure 5.7) and 
electrical properties (Figure 5.8). 
 
 
Figure 5.7: XPS results of 3D-graphene after etching synthesized by (a) PVA/NiCl2.6H20, (b) 
PVP/FeCl3.6H20, and (c) starch/FeCl3.6H20 precursor. 
 
 
Figure 5.8: Electrical resistance results of 3D-graphene after etching synthesized by (a) 
PVA/NiCl2.6H20, (b) PVP/FeCl3.6H20, and (c) starch/FeCl3.6H20 precursor. 
 
 
The XPS results of the 3D-graphene after metal etching is presented in Figure 5.7. In case of PVP and 
starch samples, the contribution from the sp
3
 carbon hybridization is high which leads to 
moderate/low conductivity. By changing the molecular weight of the polymer or polymer/metal ratio, 
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the electrical conductivity values can be regulated. The molecular weight of PVP was changed to 
55,000 from 40,000. The samples were made following the same experimental procedure and their 
sheet resistance values are measured to be ~966.3 Ω/sq. Other major factor for the resistance of the 
3D-graphene films is film thickness. Normally the thickness of 3D-graphene films synthesized using 
polymer/metal precursors is quite high (>100 nm). Hence by controlling the film thickness, electrical 
resistance can be further adjusted. 
 
The sheet resistance of the 3D-graphene are measured using the four point probe system at 
different spots across the sample (sample size: 1.5 x 1.5 cm) are presented in Figure 5.8. The average 
sheet resistance value of 3D-graphene synthesized by PVA, PVP and starch are measured to be 83.51 
Ω/sq, 591.95 Ω/sq and 1477.5 Ω/sq respectively. Among the samples, PVA synthesized 3D-graphene 
has the high electrical conductivity due to low sp
3
 carbon hybridization. From the XPS results the 
hybridization ratio (sp
2
/sp
3
) can be obtained. If the hybridization ratio is high the film is more 
conductive and vice versa. 
 
5.4 Conclusion 
In this chapter, synthesis and characterization of 3D-graphene and carbon nanostructures by 
employing sacrificial templates (Ni foam, Cu mesh), non-templated methods (polymer/metal 
precursor) are studied. The issues surrounding 3D-graphene transfer methods have been briefly 
discussed. A strong emphasize on the pore size- electrical properties of the 3D-graphene based 
structures has been reported. Based on these results, depending on the application needs of 3D 
graphene the experimental parameters can be modulated to have high electrical properties along with 
low thermal properties. A comprehensive study on the thermoelectric properties of 3D graphene is 
presented in the next chapter. 
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Chapter 6 
Thermoelectric Properties of Three Dimensional Graphene Based Nano-networks 
 
6.1 Introduction 
 Thermoelectric materials are solid state energy converters with no moving parts used to convert 
heat directly to electricity, or electrical power into cooling or heating
1
. With current semiconductors it 
is difficult to simultaneously achieve desired thermoelectric properties, such as low thermal 
conductivity, as well as good electrical conductivity and Seebeck coefficient
2
. This restricts the 
commercialization of current thermoelectric technology and drives the quest for better thermoelectric 
materials. The energy-conversion efficiency of a thermoelectric material is evaluated by a 
dimensionless figure of merit (ZT), defined as ZT = S
2σT/κ, where S is the Seebeck coefficient, σ is 
the electrical conductivity, κ is the thermal conductivity, and T is the temperature3. To be competitive 
with conventional refrigerators or power generators, thermoelectric materials with a ZT value greater 
than 3 are highly desirable
4
. The key problem in increasing ZT lies in the conflicting interdependence 
between the Seebeck coefficient, the electrical conductivity (which should be high) and the thermal 
conductivity (which should be low)
5
 The thermal conductivity can be written as κ = κph+ κel, where κph 
is the lattice thermal conductivity and κel is the electronic thermal conductivity. κel can be varied by 
doping the materials
6
 whereas κph cannot be reduced below a critical limit without distorting the lattice 
structure
7
. In general κph is greater than κel for most thermoelectric materials. For example, the thermal 
conductivity component in graphene and other carbon based materials is primarily from κph rather than 
κel, which has a negligible value (κph is ~300-500 times greater than κel)
8
.  
  
 The various approaches to reducing κph include but are not limited to (i) changing the 
dimensionality of structures
9
, (ii) making composite materials
10
, or (iii) using porous materials
11
. Out 
of the different approaches, porous structures seem to be a more viable option because the degree of 
reduction in the thermal conductivity is higher than the reduction of electrical conductivity by an 
order of magnitude. Therefore, reducing the thermal conductivity while retaining reasonable electrical 
conductivity would become possible
11a
 in nanoporous structures. For example, P.Yang et.al reported 
the reduction of thermal conductivity by 2 orders of magnitude in nanoporous silicon structures with 
holes of different pitch sizes (55 nm, 140 nm, 350 nm) while preserving sufficient electrical 
conductivity. Among the various pitch sizes, 55 nm displayed the lowest κ value, because the higher 
number of frequency dependent phonons with longer path, compared to the pitch size, caused 
enhanced phonon scattering within the holes (also called the necking effect)
12
. J. Synder and co-
workers have extended the concept to telluride materials and demonstrated low thermal conductivity 
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in mesoporous Bi2Te3 based nanostructures. Mesoporous Bi2Te3 shows a nearly 50% reduction (1.2 
W/mK @ 300 K) in thermal conductivity compared to non-porous samples (2.4 W/mK @ 300 K)
5
. 
However, most of the telluride based thermoelectric materials are toxic and hazardous to the 
environment. Recent report validates the possibility of nanoporous graphene/carbon to a wide variety 
of applications
13
. An alternative that can replace telluride based materials might be carbon based 
porous materials with high electrical conductivity. 
  
 Taking advantage of nanostructured graphene/carbon based materials in which phonon 
transport is largely interrupted by the nanostructures/pores, F. Mazzamutto et.al reported on an 
optimized graphene nanoribbons (GNR) with high ZT values by reducing the κ value to a major 
extent, while keeping a relatively high power factor (the product of S
2σ is called power factor)14. In 
the case of GNR, the thermoelectric properties can be tuned by three factors, namely, (i) the fraction 
of the edge in the structure (arm chair or/and zigzag), (ii) the semiconducting or metallic nature of the 
nanoribbon and (iii) the dimensions of the nanoribbon. They created mini bands in mixed edged GNR 
structure (arm chair and zig zag) thereby (i) reducing phonon transport and (ii) enhancing S without 
lowering σ. In a mixed edge GNR (MGNR) structure, the energy gaps and minibands increases 
resonant electron tunneling, this improves the power factor on one hand, while the thermal 
conductivity is greatly reduced on the other hand
14
. Besides, recent reports on theoretical studies of 
2D-graphene antidot lattices (GAL) illustrate very low thermal conductivity values accompanied by 
one order reduction in electrical conductivity values; but not many experiments have been reported on 
GAL
15
. In GAL, the pores cause the opening of the electronic band gap in the structure, resulting in 
electron band alteration at the Fermi level due to the intervalley scattering which causes slight 
reduction in electronic conductivity, as well as a drastic reduction in the thermal conductivity
16
. Very 
recently, L. Shi reported that macroscopic graphene-based foam (MGF) with a pore diameter of 
around 500 μm in three dimensional structures could have low thermal conductivity, due to the 
randomly dispersed pores
17
. However, there is more room to improve the ZT value in this structure. 
Based on findings by P. Yang, a major reduction in the thermal conductivity can be attained when pore 
size is smaller than the phonon mean free path (MFP). The phonon MFP of graphene at room 
temperature is ~775 nm
18
, so nanometer sized pores could cause a more effective drop in the thermal 
conductivity values than micron sized pores. We hypothesized that by introducing pores with a 
diameter of 10~20 nm into graphene, the thermal conductivity could be greatly reduced to a large 
extent while maintaining a reasonable electrical conductivity.  
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6.2 Experimental details 
Colloidal silica (CS) particles (20-30 nm), poly vinyl alcohol (PVA, Mw = 31,000–50,000) 
and iron chloride were obtained from Sigma-Aldrich and used without any further purification. PVA 
(10 wt. %) was dissolved in DI-water at 90 °C and then 350 (phr: part per hundred parts of resin) by 
weight of FeCl3 was added to PVA solution. The PVA/FeCl3 solution was made into CS/PVA /FeCl3 
disks, through vacuum filtration technique reported earlier. The disks were vacuum annealed in 
chemical vapor deposition system (CVD) at room temperature for overnight to remove moisture. The 
disks were carbonized at 1000 °C for 30 min under Ar flow rate of 3L/min and H2 flow rate of 100 
sccm at pressure of ~4.0 torr. The samples were cooled rapidly to room temperature. To remove the 
SiO2 particles and iron from the 3D graphene networks (3D-GN); 3D-GN@SiO2/Fe powders were 
immersed in HF for 3 hrs and HCl for 12 hrs. Nanoporous 3D-GN powders were washed and dried at 
90 °C for 3 hrs. 
-Characterization techniques 
The morphology of the samples was visualized using Field Emission scanning electron 
microscope (Hitachi-S 4800) and Transmission electron microscope (JEM-2100, 200 kV). Surface 
analysis of 3D-graphene was performed using micro-Raman spectroscopy to determine the quality of 
graphene. Raman spectra were recorded using a micro-Raman spectrometer (WITec, alpha300R) with 
an incident wavelength of 532 nm. The laser power was set at 2 mW to avoid damage by laser 
irradiation. Chemical composition of the 3D-GN was measured using an X-ray photoelectron 
spectroscopy system (XPS, Thermo Fischer UK) with an Al Kα source. Thermogravimetric analysis 
were performed using TA instruments, USA system. 
-Thermoelectric Characterization 
3D-GN pellets used for the measurements were made using spark plasma sintering system (Dr. 
Sinter, SPS-systex, Japan). The 3D-GN powders were consolidated at 1273 K under a pressure of 50 
MPa for a holding time of 5 min. The Hall Effect measurements were made to determine the carrier 
concentration using ECOPIA HMS-3000 system by means of the Van der Pauw method. Thermal 
conductivity measurements were performed on the disc shaped pellet by means of Laser flash 
apparatus (LFA 457 model) from 298 K-773 K. The thermal conductivity was calculated using the 
following equation κ = adc , where a is the thermal diffusivity value measured using LFA instrument, 
d is the density of the 3D-GN (0.63 g/cm
3
) and c is the specific heat of 3D-GN (0.70 J/gK at 300K). 
The electrical resistivity values by varying the temperature were also obtained using the ULVAC 
ZEM-3 (M10) system. The bar pellets used for the measurement of the electrical resistivity has 
dimensions of 10 x 2.5 x 1.5 mm
3
. The resistivity of the samples are measured by passing current (I) 
through the sample and measuring the voltage (∆V) between two points in a sample with known 
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dimensions. From the measured results, the resistivity is calculated using ρ =
∆𝑉
𝐼
∗
𝐴
𝐿
  , where A is 
the cross sectional area of the sample and L is the distance between the points of measurement. The 
electrical conductivity values were obtained from the measured electrical resistivity values using the 
relation σ =1/ρ. 
 
6.3 Results and discussion 
Figure 6.1a shows TEM images of the 3D-GN with pores around 10 - 20 nm; pores are 
highlighted in orange color. The pore size agrees well with that of the silica particles used for 
synthesis. The inset is a large area SEM image of 3D-GN showing uniform distribution of the pores. 
Figure 6.1b shows the Raman spectrum of the synthesized 3D-GN powder. The spectrum indicates 
low defects in the samples, which is also reflected by a good ID/IG ratio. The integrated height method 
was used to calculate the ratio of Raman peaks, and the ID/IG and I2D/IG ratios were found to be 0.15 
and 0.63, respectively, which proves the crystallinity of the sample. The intensity of the 2D peak 
shows the graphene has few to many layers.  
 
Figure 6.1: (a) TEM image of 3D-GN highlighting pores in orange colour. The inset shows a large 
area SEM image of 3D-GN, (b) Raman spectrum of 3D-GN. Reprinted with permission 
from
19
 .Copyright 2014, AIP Publishing LLC. 
 
The XRD and XPS, TGA results of 3D-GN samples are given in Figure 6.2.The XRD 
(Figure.6.2a) and XPS (Figure.6.2b) results confirm the good crystallinity in synthesized 3D-GN 
powders. The TGA results (Figure.6.2c) presents an idea on the thermal stability of 3D-GN, for real 
time applications. The pellets were made using the SPS system under different conditions and at some 
conditions the pellets lose their structure during the measurements as shown in Figure 6.3.
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Figure 6.2: (a) XRD, (b) XPS and (c) TGA results of 3D-GN. Reprinted with permission 
from
19
 .Copyright 2014, AIP Publishing LLC. 
 
The pellets were made using the SPS system under different conditions and at some 
conditions the pellets lose their structure during the measurements as shown in Figure 6.3. The reason 
for sample decomposition at elevated temperature may be due to the oxidation of 3D-GN, resulting in 
vaporization of graphene as in the form of CO2. In some thermal diffusivity systems are connected 
with a vacuum pump in order to reduce the oxygen content. Most of the tellurides and other materials 
are measured without using vacuum pump. Hence, optimized SPS conditions are vital for the exact 
measurements of sample properties.  
 
 
Figure 6.3: Digital camera image of the 3D-GN pellets before and after measurements. 
The pellets (Figure 6.4) used for measurement of electrical and seebeck results are shown 
below 
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Figure 6.4: Digital photograph image of (a) the synthesized 3D-GN, (b) 3D-GN pellet used for the 
electrical conductivity measurements. Reprinted with permission from
19
.Copyright 2014, AIP 
Publishing LLC. 
 
Figure 6.5. (a) Electrical conductivity of 3D-GN, (b) the total thermal conductivity of 3D-GN, (C) the 
electronic thermal conductivity and (d) the phononic thermal conductivity of 3D-GN. Reprinted with 
permission from
19
. Copyright 2014, AIP Publishing LLC. 
 
Figure 6.5a indicates the electrical conductivity of 3D-GN measured over a temperature 
range of 298-773 K. The pellets used for the measurements were consolidated at 1273 K under a 
pressure of 50 MPa for a holding time of 5 min using a spark plasma sintering system (Dr. Sinter, 
 134  
 
SPS-system, Japan). The electrical conductivity of the material is given by 
σ = neμ     (1), 
Where n is carrier concentration, e is the electronic charge, and μ is the mobility. The electrical 
conductivity increases with temperature from 5210 S/m at 298 K to 6660 S/m at 773 K, indicating the 
appearance of semiconductor nature of 3D-GN. This can be attributed to the distortion of sp
2
 lattice 
caused by the presence of pores, which causes the behaviour of 3D-GN to change from a semi-metal 
to a semiconductor. In GAL structure, the bandgap opening depends on the dimension of the holes as 
well as the wall distance between the holes
20
. The bandgap opening makes a nonzero effective mass 
which considerably degrades carrier mobility, resulting in an inverse relation with mobility in the 
graphene nanoribbon structures
21
. The electrical conductivity values in 3D-GN are higher than the 
previously reported values for nanoporous carbon
22
 (3030 S/m). In general, the number of charge 
carriers is in the order of 10
11
 - 10
12 
cm
-3 
for graphene film with lateral dimension varying from 3-20 
µm
23
. To have an efficient thermoelectric material, the total number of charge carriers should be on 
the order of 10
17
 to 10
25
. Using Hall Effect measurement, the carrier concentration of 3D-GN was 
evaluated using n=1/eRH, where RH is the Hall coefficient. The value of n for 3D-GN was 1.21 x 10
19
 
cm
-3
 at room temperature. 
Figure 6.5b shows the thermal conductivity of 3D-GN measured using a laser flash apparatus 
(LFA 457) over temperature range. The thermal conductivity of the material can be calculated using  
κ = adc         (2), 
where a is the thermal diffusivity, d is density, and c is the specific heat. The thermal conductivity 
values increases from 0.54-0.90 W/mK over temperature range of 298-773K, due to electron-phonon 
nonequilibrium at high electron temperatures
24
. This can be explained using the Wiedemann-Franz 
law
25
, Ke=σLTe, where σ is charge conductivity, L is the Lorenz number (= 2.45E-8 WΩK
-2
)
26
, and 
Te is the electronic temperature. In our samples, the contribution of phonons is dominant over the 
entire temperature range, as evidenced from electronic thermal conductivity values (Figure 6.5c, 
calculated from the Wiedemann-Franz law) which are much lower than phononic thermal 
conductivity values (Figure 6.5d), thus confirming electron-phonon nonequilibrium in 3D-GN. The 
electron-phonon non equilibrium also exists in nanoporous gold structures
24
 and GAL structures
27
 
reported earlier. Importantly, the 3D-GN showed greatly reduced thermal conductivity values than the 
FLG (1300-2700 W/mK) as will be described in Figure 6.6. The κ value of FLG can be varied 
depending on any one or a combination of the following processes: boundary scattering, charged 
impurity scattering and Umklampp process. In FLG samples, the scattering from the surface (top & 
back) of the graphene and charged impurity scattering of the graphene are minimal whereas the major 
reduction in thermal conductivity is governed by the Umklampp process
28
. The reduction in κ value of 
3D-GN due to pores might cause a reduction in phonon group velocities and flattening of the phonon 
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band, which causes change in Umklampp process. This large difference in the κ value is also due to 
the numerous interfaces of the 3D-GN, which interrupt phonon transport. In addition, the 3D-GN can 
be assumed to be a partly phononic crystal, wherein the pores act as channels of air between carbon 
atoms, which also contributes to the low κ value. There are three major modes of thermal transport in 
porous materials namely (i) conduction through solid phase, (ii) radiation across pores and (iii) 
convection through pores. For the nanometer sized pores, the heat transport by the radiation process 
and convection through pores are neglected whereas the conduction through the solid material 
dominates heat transport
11a
. Additionally, the phonon MFP has an inverse relationship with scattering 
and boundary collisions, which are high in the 3D-GN. The necking effect which was observed as a 
major cause of the reduction in thermal conductivity values of other porous materials such as 
nanoporous Si
12
, nanoporous Ge
11b
, etc. was also present in our material.  
 
 
Figure 6.6: Electrical conductivity and the thermal conductivity of carbon-based materials. The inset 
shows the low thermal conductivity region. Reprinted with permission from
19
.Copyright 2014, AIP 
Publishing LLC. 
 
 Table 6.1: Comparison of thermoelectric properties of the carbon-based materials measured at 300 K. 
Reprinted with permission from
19
 .Copyright 2014, AIP Publishing LLC. 
 
Carbon-Based Materials Thermal 
conductivity 
(W/mK) 
Electrical 
conductivity 
(S/m) 
Few layer graphene (FLG)
28-29
 1300-2700 10
4
-10
5
 
 136  
 
3D-Macroscopic graphene foam (MGF)
17
 2.0 ~10
3
 
Carbon nanotube (CNT) 
30
 1.0 4.5x10
3
 
3D-Graphene Networks (3D-GN, in this study) 0.54 ~5.2x10
3
 
 
The thermoelectric properties of 3D-GN measured at room temperature were compared with 
previously reported data of other carbon-based thermoelectric materials as shown in Figure 6.6 and 
Table 1. The table confirms much enhanced thermoelectric performances of 3D-GN compared to 
those of others.  
First, 3D-GN presents a much reduced thermal conductivity but a somewhat lower electrical 
conductivity than those of few layer graphene (FLG). Since our structure resembles a GAL structure, 
the σ is inevitably lower than FLG and this may be attributed to (i) opening of the electronic band gap 
due to pores and (ii) the dangling oxygen bonds around holes, which cannot be eliminated in our 
experimental constraints
16
. However, the relatively small decrease in σ was observed and this is 
because the electron MFP in graphene is in the range of a few hundred nm which is larger than the 
pore size
31
. The great difference between MFP and the dimension of the pores increases the fraction of 
less scattered electrons within the structure, thereby reducing the electrical conductivity to a small 
extent. 
 Second, differences in the structures which control heat transport properties were observed 
between 3D-GN and MGF. The thermal conductivity of 3D-GN is 4 times lower than that of MGF 
whereas electrical conductivity is higher than MGF structures, implying much improved 
thermoelectric properties of 3D-GN to MGF. This is because the pore size and distance between walls 
in 3D-GN are in the nm range, whereas they are in the order of µm in MGF structures.  
Third, the degrees of the increase in σ and decrease in κ of the 3D-GN are slightly superior to 
very recently reported data from CNTs. The decrease in thermal conductivity values in 3D-GN is 
attributed to the nm-size-hole porosity and roughness, both of which increase heat resistance by acting 
as centres for phonon scattering, which interrupts phonon transport through the structure, as we had 
hypothesized. Even though the electrical conductivity of the 3D-GN is found to be lower than FLG, it 
is comparatively higher than the values for CNT and MGF and can further be further improved by 
doping. Importantly, the contrast in values between the thermal and electrical conductivities suggests 
the possibility of increasing the σ-to-κ ratio through nanoporous structures. The seebeck coefficient 
value of 3D-GN are presented in Figure 6.7. 
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Figure 6.7: Seebeck coefficient results of 3D-GN 
 
Figure 6.7 shows the Seebeck coefficient results of 3D-GN pellets measured using ZEM-3 system. 
The Seebeck values almost linearly increase with temperature, even though the values are too low. 
 
6.4 Conclusion 
In conclusion, this study analyzed the effects of nanometer-sized-holes in graphene over a 
wide temperature range, and illustrated the possibility of high ZT value in topological insulators of 
nanoporous three dimensional structures. The results suggest that the thermoelectric performance of 
nanoporous graphene is better at high temperatures (> 600K) than in the low temperature region (< 
400 K). Our result validates the hypothesis that two interdependent parameters, σ and κ, can be 
individually controlled in the nanoporous graphene structures to ultimately enhance the ZT value. The 
pathway to improve the Seebeck coefficient of nanoporous graphene is given in the next chapter.  
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Chapter 7 
Thermoelectric Properties of Three Dimensional Graphene Nanofoam 
 
7.1 Introduction 
Graphene, a two dimensional sheet of sp
2
 bonded carbon atoms, has been proposed as an 
emerging material for thermoelectrics
1
 (TE), as well as for electronics
2
, solar cells, and 
supercapacitors
3
, due to its high electrical and thermal conductivity. The energy-conversion efficiency 
of a TE material is evaluated by a dimensionless figure of merit (ZT), defined as ZT = S
2σT/κ, where 
S is the Seebeck coefficient, σ denotes the electrical conductivity, κ is the thermal conductivity, and T 
is the working temperature
4
. In order to obtain a high ZT value, it is essential to lower the κ(=κph+κel) 
value while retaining high power factor (S
2σ). Theoretical studies have reported that the reduction of 
κph can be achieved by boundary scattering on graphene-based antidot lattice (GAL) structures, which 
are made of a periodic array of holes, which also causes an electronic band gap to open around the 
Fermi level
5
. However, there has been no experimental report on the thermal properties of fabricated 
GALs, although electrical conductivity was experimentally controlled by varying the periodicity and 
number of layers of a synthesized GAL
6
. To obtain a GAL with high ZT value, a low degree of 
disorder is desirable since a high degree of disorder may reduce the electrical conductivity and the 
Seebeck coefficient simultaneously, as well as lowering the thermal conductivity
7
. The thermoelectric 
property of materials also varies according to the dimensionality of the structures
8,9
.  
Three dimensional materials are believed to possess better thermoelectric properties as 
reported in the case of silicon inverse opals
10
, nanodot superlattices
11
, graphene foam
12
, graphene 
networks
13
 etc. For instance, Wang et.al
14
 reported a much reduced thermal conductivity value, in the 
range of 182 - 349 W/mK, for a graphene foam with few hundred micron sized pores, as compared to 
1300 - 5800 W/mK for normal single layer graphene (SLG) or few layer graphene (FLG). 
Alternatively, a recent report by Dimitris et.al. suggested that it may be possible to obtain a strong 
reduction in thermal conductivity values with graded porous materials having inhomogeneous 
porosity, compared to that of materials with homogenous porosity
15
. Inhomogeneous porosity denotes 
random/different pore size throughout the structure. However, it is difficult to experimentally engineer 
inhomogeneous porous materials
16
. This was taken as a challenging task and to tackle this issue 
chemical vapor deposition (CVD) was employed to grow a three dimensional nanofoam of graphene 
(3D-NFG) without a template; such a process ensures reasonably good electrical conductivity as well 
as the presence of a large number of random pores.  
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7.2 Experimental details 
- Preparation of PVA/NiCl2.6H2O composite thin film & Fabrication of 3D-NFG 
 The detailed synthesis procedure for fabrication 3D-NFG films is already presented in Chapter 5 
(refer to section 5.2) for more details. 
 
-Characterization 
The morphology of the structures was visualized using the Field emission scanning electron 
microscope (NOVA NanoSEM 230 FESEM). The pore size and detailed structural characterization 
were examined using transmission electron microscope (JEM-2100, 200 kV). Surface analysis of 3D-
NFG was performed using micro-Raman spectroscopy to determine the quality of graphene. Raman 
spectra were recorded using a micro-Raman spectrometer (WITec, alpha300R) with an incident 
wavelength of 532 nm. Optothermal measurements on 3D-NFG were performed using the 532nm 
visible laser light source using 100x objective lens. By changing the objective lens (10x, 50x) with the 
same laser source (532 nm), the optothermal measurements are measured. In order to confirm the 
chemical composition of the samples, X-ray photoelectron spectroscopy system (XPS, Thermo 
Fischer UK) with an Al Kα source. Atomic force microsocpy (AFM) imaging was performed to check 
the roughness of the 3D-NFG films using AFM, Digital Instruments, Nanoscope III equipment. 
7.3 Results and discussion 
The detailed synthesis procedure for obtaining 3D-NFG is reported elsewhere
17
. Figure 7.1a 
and 7.1b respectively show SEM and TEM images of the 3D-NFGs with pore diameters in the range 
of 40-180 nm. The magnified TEM image also reveals that the films are folded with many wrinkles: 
these features may affect phonon propagation. It has been reported that the wrinkles, created by 
additional stress in the graphene due to the different diffusion rates of carbon atoms on nickel, 
produce ~27% lower thermal conductivity than that of unwrinkled graphene
18,19
. Figure 7.1c provides 
the Raman spectra results for the 3D-NFG. Our 3D-NFG with an ID/IG ratio of 0.63 and I2D/IG ratio of 
0.99 indicates high quality few-layered graphene.  
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Figure 7.1: (a) SEM image of the 3D-nanofoam of graphene (3D-NFG), (b) TEM image showing 
pores in 3D-NFG after nickel etching, (c) Raman Spectrum, and (d) AFM image of 3D-NFG showing 
the surface roughness. 
The surface roughness and the edge roughness are two vital parameters for both electrical 
properties and thermal properties. J.R.Heath et.al
20
 introduced onto the walls of pores, which reduced 
the κ value of a nanomesh that was fabricated using the superlattice nanowire pattern transfer (SNAP) 
technique. The reduction in thermal conductivity was a consequence of the creation of a 
superstructure and the related modification of the bulk phonon dispersions. In fact, the roughness 
contributed to higher rates of diffuse reflection or backscattering of phonons at the interface, which 
reduced the thermal conductivity values. In addition, graphene nanoribbons with edge roughness have 
shown reduced thermal conductivity due to strong edge-scattering effects
21
.The surface roughness of 
our 150 nm-thick 3D-NFG, as measured by AFM, was found to be ~ 41.1 nm, which is higher than 
the values of 3.2 and 5 nm for single layer
22
 (SLG) and few layer graphene
23
 (FLG), respectively, 
indicating the presence of scattering centers due to the rough surfaces, as shown in Figure 7.1d. 
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Figure 7.2: (a) XPS spectrum of 3D-NFG and (b) deconvoluted C1s spectrum of 3D-NFG. 
Figures 7.2a and 7.2b displays the XPS results of 3D-NFG and the deconvoluted C1S peak, 
respectively, obtained after fitting the data using a Gaussian distribution function. The major peak at 
284.48 eV is due to the non-oxygenated C-C bond (sp
2
 bond). The deconvoluted peaks at binding 
energy of 285.82, 286.93 and 288.18 eV are correspondingly assigned to C-OH, C=O, O=C-OH 
bonds (sp
3
 bond). The increase in content of C-OH and C=O may be due to the etching conditions 
used, in addition to the structural disorder. It has been reported that multi-layer graphene (MLG) 
nanowall growth on Si substrates causes sp
3
 bonds to be present in between the nanowalls
24
. The XPS 
results correlates well with that of Raman data for 3D-NFG. 
 
Figure 7.3: Digital camera (DC) images of micro-Raman spectroscopy with heater/cooler (Enkam 
THMS 600) stage with an externally temperature programming unit (Enkam, TMS 94) setup. The 
laser power is monitored using a powermeter (Thorlabs). 
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Figure 7.3 shows the opto-thermal setup used for the measurements. The temperature of the 
heater/cooler stage can be varied by programming the temperature, heating rate and holding time in 
the temperature programming unit (Enkam, TMS 94). The maximum temperature range of this setup 
is 450 °C. If the measurement temperatures are beyond 450 °C, the cover glass of heater/cooler 
(Enkam THMS 600) stage is damaged.  
 
Figure 7.4: (a) Temperature dependence of the G peak frequency of 3D-NFG, (b) Schematic view of 
the thermal conductivity measurement on supported substrates, (c) Shift in G peak position due to 
change in excited laser power, (d) Finite element simulation of temperature distribution in 3D-NFG 
with the given geometry used to extract the thermal conductivity.  
The thermal conductivity value of the 3D-NFG was measured by the optothermal method 
based on Raman spectroscopy
1
. The temperature dependence of the Raman spectra of the 3D-NFG 
was studied in the temperature range from -190 °C to 190 °C. The sample was put in a cold-hot cell 
where the temperature could be controlled externally with 0.1 °C accuracy. The Raman peak positions 
of the G peak at different temperatures are shown in Figure 7.4a. The G peak positions move to lower 
wavenumber range (red shift) when temperature increases, and within the measured temperature range 
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the temperature dependence of the G peak can be approximately described by a linear function
T  0 , where 0  is the frequency of the Raman peak when temperature T is extrapolated to 
0 K, and   is the first-order temperature coefficient. The extracted temperature coefficient of the G 
peak is -0.016 cm
-1
/
o
C. Similarly, the temperature coefficients of the Raman D peak and 2D peak were 
measured to be -0.014 cm
-1
/
o
C and -0.030 cm
-1
/
o
C, respectively. The data presented in Figure 7.4a can 
be utilized as calibration curves for determining the local temperature rise in 3D-NFG films. The 
temperature can be extracted from the shift of Raman peak positions. During the Raman temperature 
coefficient measurements, the Raman excitation laser power was kept at low value to avoid any local 
heating effect. Figure 7.4b provides the schematic diagram of the sample configuration for the 
optothermal measurement. The heating power from the laser (∆P) is focused on the 3D-NFG layer and 
the corresponding temperature rise was measured using Raman spectrometer. The low power of about 
1-2 mW was utilized on the 3D-NFG to limit local heating during measurements. The amount of heat 
dissipated from the 3D-NFG was calculated from the intensity of the G peak.  
Figure 7.4c shows a characteristic Raman G peak of the tested 3D-NFG film at low and high 
excitation power. The 3D-NFG samples transferred on GaN substrates were also used for the 
measurements. In the following thermal measurement, we intentionally increased the intensity of the 
excitation laser so that it could induce local heating of the sample. The Raman peak position of G 
peak shifted from 1582.8 cm
-1
 to 1577.3 cm
-1
 as the power increased from 0.21 mW to 2.0 mW. 
Correspondingly, the local temperature rise induced by the Raman laser can be calculated to be 343 
o
C. 
Similarly, the temperature rise can be calculated from the shifts of the D peak and 2D peak, and their 
values were 357 
o
C and 385 
o
C respectively. The average value was 361 
o
C and the ambiguity of 
temperature rise measured by Raman spectroscopy was in the under 10% range, which was limited by 
the spectrum resolution of Raman instrument.  
A finite element method (FEM) was applied to simulate the heat dissipation in the samples 
under test. The thermal conductivity can be determined from the temperature rise for a known 
dissipated power and sample geometry. More specifically, the thermal conductivity was determined 
via an iteration approach. For the first simulation run, the thermal conductivity of the 3D-NFG was 
assumed to have the value of K0. The numerical simulation with the assumed value of thermal 
conductivity resulted in the modeled temperature rise ΔT0. The simulated temperature rise was 
compared with the experimental temperature rise ΔT. If ΔT0 was larger (smaller) than ΔT, the assumed 
value of the thermal conductivity K was increased (decreased) in the next run until the simulated 
temperature rise matched the experimental data, and the final value of K was obtained. Figure 7.4d 
shows the finite element simulation result of temperature distribution in 3D-NFG with the given 
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geometry when the simulation result matches the experimental data; the thermal conductivity value of 
the 3D-NFG was extracted as 0.42 W/mK.  Once reason for the ultralow thermal conductivity of the 
3D-NFG might be thermal interface resistance which is caused due to substrate material interactions. 
Hence to measure the intrinsic thermal conductivity of 3D-NFG, the optothermal measurement of 3D-
NFG on suspended structures was performed by fabricating  a trench of 300 nm depth and 6 µm 
width was made using FIB on the substrate.  
 
 
Figure 7.5: Optical microscopy images of (a) SiO2/Si substrate with trench dimension of 6 µm 
(width), 100 µm (length), 300 nm (depth) and (b). Suspended 3D- NFG films transferred onto the 
trench (denoted by the red color crossbar). Scale bar size is 50 µm for both images. 
Figure 7.6a shows the schematic representation for measuring the thermal conductivity of the 
suspended 3D-NFG film The 3D-NFG samples were transferred onto trench for the measurements 
and the measurement point is indicated by the red crossbar in Figure 7.6b. Figure 7.6c shows a 
characteristic Raman G peak of the tested 3D-NFG film at low and high excitation power. In the 
following thermal measurement, we intentionally increased the intensity of the excitation laser power 
so that it could induce local heating of the sample. The Raman peak position of G peak shifted from 
1582.8 cm
-1
 to 1566.6 cm
-1
 as the power increased from 0.5 mW to 4.0 mW as indicated in Figure 
7.6c.  Figures 7.6d show the finite element simulation result of the temperature distribution in 3D-
NFG with the given geometry when the simulation result matches the experimental data; the thermal 
conductivity value of suspended 3D-NFG samples was extracted as 10.8 W/mK.  All the 
measurements were done using a 100 x Raman objective lens. However if we change the objective 
lens, the corresponding values will also be changed, as shown in Figure 7.7. 
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Figure 7.6: (a) Schematic view of the thermal conductivity measurement on suspended 3D-NFG 
samples, (b) Raman microscopy image of the 3D-NFG film located on the trench (red crossbar 
denotes the measurement position, inset image-Optical microscopy image of the 3D-NFG on trench), 
(c) Shift in G peak position due to the change in the excited laser power in the suspended 3D-NFG 
samples,  (d) Finite element simulation result of temperature distribution in 3D-NFG with the given 
geometry used to extract the thermal conductivity.  
 
Figure 7.7: (a) Shift in the G peak position due to a change in the excited laser power in suspended 
3D-NFG samples measured using a 10x Raman objective lens and (b) Shift in the G peak position due 
to a change in the excited laser power in suspended 3D-NFG samples measured using a 50x Raman 
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objective lens. 
 The extracted temperature coefficient of the D peak (Figure 7.8a) is -0.02194 cm
-1
/
o
C. 
Similarly, the temperature coefficients of the G peak are -0.02185 cm
-1
/
o
C as shown in Figures 7.8b. 
The data presented in Figure 7.8b can be utilized as calibration curves for determining the local 
temperature rise in 3D-NFG films. Correspondingly, the local temperature rise induced by the Raman 
laser can be calculated to be 457 
o
C. The thermal conductivity value of suspended 3D-NFG is 
attributed to the contribution of phonon flexural (ZA) modes in addition to the LA and TA modes. The 
flexural modes are blocked by the presence of substrate in case of supported samples and it’s also 
affected by number of layers in case of suspended samples.  However, the suspended 3D-NFG has 
low K values (10.8 W/mK) that are comparable to its amorphous limit of graphene (11.6 W/mK). This 
drastic reduction can be assigned to (i) the presence of pores that reduce phonon MFP and (ii) the 
presence of oxygen in the structure that acts as effective scattering centers. 
 
Figure 7.8: (a) Temperature coefficient data of D peak and (b) Temperature coefficient data of G peak 
of suspended 3D-NFG measured using 50x Raman objective lens.  
The electrical conductivity value of the 3D-NFG films was measured using the four point 
probe technique. Table 1 presents the electrical conductivity of two dimensional and three 
dimensional structures of graphene, showing a large difference between graphene and graphene 
nanomesh (GNM)/nanoperforated graphene/3D-NFG. The difference is due to band gap opening and 
defects (edge, surface) in the structure. Compared to a few layers of graphene with high conductivity, 
the three dimensional graphene architectures have relatively low conductivity due to their unique 
structure, change in mean free path and interlayer junction resistance between the sheets. The 3D-
NFG films had conductivity of ~8 S/cm at room temperature, which agrees well with the previously 
reported conductivity values of graphene foams. This reasonably high conductivity is attributed to the 
CVD growth method, which does not greatly deteriorate the thermoelectric properties. Besides, the 
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electrical properties of graphene depend on defects and impurity doping as well as the growth 
technique. 
Table 7.1: Electrical conductivity values of various graphene based structures 
Material conductivity 
Few layer Graphene
25
 10
4
 S/m 
Graphene paper
26
 50 S/cm 
Graphene aerogel
27
 100 S/m 
Laser scribed graphene
28
 17 S/cm 
rGO hydrogel
29
 5 × 10
−3
 S/cm 
graphene/PDMS foam
30
 0.6~2.0 S/cm 
Graphene foam
31
 10 S/cm 
3D-NFG (This study) 8 S/cm 
 
7.4 Conclusion 
This study experimentally demonstrated a two order-of-magnitude reduction of thermal 
conductivity in graphene-based nanofoams with nanometer size pores. The thermal conductivity value 
of suspended 3D-NFG was 10.8 W/mK, which is much lower than previously reported values. The 
drastic reduction in the thermal conductivity of 3D-NFG can be attributed to the following factors: (i) 
wrinkles in the structure, (ii) surface roughness of the film, (iii) the presence of pores with appropriate 
nanosize, (iv) a proper sp
2
/sp
3
 ratio of 3.6, and (v) random distribution of pores in 3D-NFG. This 
result demonstrates the potential of structural control for significantly improving the thermoelectric 
properties of graphene-based thermoelectric materials. 
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Chapter 8 
Conclusion 
8.1 Conclusion & future prospects 
This chapter presents overall conclusion of the thesis and future prospects of this work. In this 
thesis, synthesis of zero dimensional (OD) metal nanoparticles, one dimensional (1D) semiconductor 
nanowire, two dimensional (2D) nanosheets and three dimensional (3D) nanostructures and their 
energy conversion applications were studied: Au NP, Ag NP, ZnO NW, TiO2 NW, Fe2O3 
nanostructures, Au/ZnO NW, graphene, MoSe2, MoTe2 and nanoporous graphene.   
The nanostructures (0D, 1D) were synthesized by hydrothermal growth methods, and well 
characterized and screened for their applicability in photoelectrochemical (PEC) cell as photoanodes 
in chapter 2. Hybrid nanostructures coupling of 0D and 1D materials were fabricated using 
interference lithography method for enhanced light scattering. The hybrid nanostructures made of 
Au/patterned ZnO NW exhibited better optical properties and SERS effects. The PEC performance of 
ZnO NW, Au/ZnO NW, Au/patterned-ZnO NW was measured and the corresponding photocurrents in 
UV-Visible region were 0.14 mA/cm
2
, 0.16 mA/cm
2
, and 0.35 mA/cm
2
 respectively at +1.0 V (vs 
Ag/AgCl). The high performance of Au/patterned-ZnO NW might be due to the presence of efficient 
light trapping and gold nanoparticles which has light absorption in the visible region of the solar 
spectrum. To confirm the enhancement of photocurrent in patterned nanostructures, the PEC 
measurements were repeated again for all samples in the visible region (by blocking the UV light 
using filter)  and corresponding photocurrents were 0.0038 mA/cm
2
, 0.013 mA/cm
2
, and 0.035 
mA/cm
2
, respectively at +1.0 V (vs Ag/AgCl). Compared to non-patterned samples, the patterned 
nanostructures exhibited 3 times enhanced photocurrent, which is attributed to the effect of patterning. 
Further, the IPCE results confirmed the electron conversion efficiency of the gold nanoparticles in the 
visible region. The Au/Pat-ZnO NW showed maximum solar to hydrogen efficiency of 0.11 % at +0.7 
V, with enhanced stability as shown in chapter 3. These results suggest that the hybrid nanostructures 
can be employed for high performance solar cells, light emitting diode, SERS applications in the near 
future.  
The synthesis and bang gap studies of the two dimensional materials are presented in chapter 
4.Three dimensional (3D) nanoporous graphene were synthesized by chemical vapor deposition 
(CVD) methods using template (Ni foam) and non-templated (polymer/metal precursors) techniques. 
The synthesis, characterization, electrical property results of the graphene nanostructures are 
presented in chapter 5. Among the various nanostructures, nanoporous graphene made from 
PVA/NiCl2 precursor displayed good sheet resistance of 83.51 Ω/sq, which can be employed for 
thermoelectric applications. The porous graphene (3D-GN) structure was synthesized using colloidal 
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silica (10-20 nm) templates using PVA/FeCl3 precursor in CVD and thermoelectric measurements 
were measured using laser flash apparatus. The 3D-GN displayed a low thermal conductivity of 0.90 
W/mK @773 K and a maximum electrical conductivity of 6660 S/m @ 773 K (as given in Chapter 
6). The results suggest a straightforward way to individually control two interdependent parameters, σ 
and κ, in porous graphene structures to ultimately improve the ZT value. The Seebeck coefficient of 
3D-GN was very low and found to be 9µV/K at 900 K. The thermoelectric properties of nanoporous 
graphene (3D-NFG) made from PVA/NiCl2 precursor were measured and the results are presented in 
Chapter 7. The thermal conductivity of the supported and suspended 3D-NFG films were measured 
using optothermal technique and the values are 0.42 W/mK and 10.8 W/mK, respectively. The 
thermal conductivity of 3D-NFG is lower than the amorphous graphene. The drastic reduction in 
thermal conductivity can be attributed to the following factors: (i) wrinkles in the structure, (ii) 
surface roughness of the film, (iii) the presence of pores with appropriate nanosize, (iv) a proper 
sp
2
/sp
3
 ratio of 3.6, and (v) random distribution of pores in 3D-NFG. In addition, the electrical 
conductivity of the 3D-NFG was found to be 8 S/cm. The following mechanisms were employed to 
enhance the ZT value (1) Decoupling the electrical and thermal properties of the three dimensional 
graphene networks (3D-GN), (2) creating mini band in the electronic structures to boost the 
thermopower of 3D-NFG. 
 The studies present a fundamental understanding about the nanomaterials and their prospects 
to nanomaterial based energy conversion, which will be the future of energy generation technologies. 
The advantages, disadvantages and solutions to the existing problems in nanomaterial based energy 
conversion technologies are addressed. The electrical properties of porous graphene can be improved 
by capping them with metal nanostructure which will be future work. 
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